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Abstract
The cause of degenerative changes to the intervertebral disc that can produce back pain
are still indefinable. One newer avenue of investigation includes the analysis of vertebral
endplates, which lie between vertebral bodies and their adjacent discs. This thesis in-
vestigates the structure and function of the vertebral endplate. Multiphoton microscopy
was employed as the main imaging method as it has previously shown its ability to dif-
ferentiate between tissue in osteochondral regions, and its ability to image label free,
thick samples reduces sample processing. Animal endplate models were utilised as a
healthy model, alongside degenerate human samples from surgery. This thesis aimed
to investigate the structure of the vertebral endplate as well as its function.
The structure of the endplate was confirmed to contain three distinct regions; the bony
endplate, mineralised cartilage and non-mineralised cartilage. The thickness of the car-
tilage endplate was shown to be thicker in the cranial endplate (p = 0.008), and the min-
eralised region thicker than the non-mineralised (p = 0.005). Additionally, this study
confirmed how anchorage of the intervertebral disc is achieved. Microstructurally, an-
nular bundles penetrate through both the mineralised and non-mineralised regions of
the cartilage endplate. Within these layers, the bundles sub-divide in a branched struc-
ture as an integration mechanism. Energy disperse spectroscopy showed a higher cal-
cium to phosphate ratio in young adult ovine spines (p<0.05) compared with mature
ovine spines, and age differences in the structure of the bony endplate were also noted.
Additionally, Raman spectroscopy on bovine sections showed higher mineralisation in
the endplate under the nucleus than annulus using the mineral to matrix ratio (peak
ratios of 3.15 and 2.35 respectively). This work highlights the specificity of each of the
tissues in the endplate, and how they change based on their location (nucleus/annulus,
caudal/cranial) and with age. Degenerative human samples showed higher two pho-
ton fluorescence (TPF) signal than the bovine model, and also showed a highly aligned
collagen region, parallel to the tidemark which agrees with previous literature.
An important function of the endplate is its role as a nutritional pathway for the dif-
fusion of solutes through the endplate and the convective transport of water. Vessels
within the endplate were imaged using multiphoton microscopy. They were measured
iii
to be as small as 5 µm in diameter and within close proximity to the disc (< 70 µm),
though never crossing the tide mark. Additionally, the use of a fluorescent tracer con-
firmed the diffusion from the disc into vessels in the endplate. Through the use of
real-time imaging of a fluorescent tracer diffusing from the disc through the endplate,
this study showed the tidemark as a barrier, initially holding the tracer up. The study
additionally confirmed the presence of small pores in the mineralised cartilage post-
tidemark.
Further relating to the function of the endplate, a series of compressive loading exper-
iments were carried out in order to provide novel insight into the micromechanics of
the regions of the endplate. The disc displayed the highest amount of micro-strain with
measurements reaching as high as - 40 %, though initial strain appears primarily due to
fibre realignment. This work highlights the importance of the cartilage components of
the endplate in the micromechanics of the disc.
Previously, the vertebral endplate has been underappreciated within the literature and
clinical understanding of the its role. This works highlights the intimacy between the
intervertebral disc and vertebral endplate, reinforcing the necessity for further investi-
gation of this unique region.
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1 Introduction
This chapter first presents the context and motivation for the studies conducted within
this thesis. The aims then will be discussed and an overview of the thesis chapters will
be provided.
1.1 Context and Motivation
Lower back pain (LBP) is an extremely common health problem.[1–3] First incidence of
LBP in the UK is between 15.4-36 % per year in a population aged 18-75 years.[4] How-
ever, a complete account of the global impact of lower back pain is difficult due to varied
methods. For example, different studies have utilised different measurement duration,
from point prevalence up to one year.[5–7] Studies have evidenced the influence of age
of onset of back pain. Taimela et al., found one-year prevalence as low as 9.7 %, how-
ever their population was aged 7-16 years.[8] In comparison, Hestbaek et al., measured
one year prevalence in a population aged 30-50 years and showed incidence as high
as 56 %.[9] Many incidences of persistent back pain are successfully managed through
a combination of conservative measures such as drug intervention, physical therapies
and pain management techniques. However, those that fail to respond to these thera-
pies develop pain that is both severe and obstinate. One of the primary causes of this
persistent lower back pain is believed to be the degeneration of the intervertebral disc
(IVD) which can lead to the compression of spinal nerves and adjacent vertebra.[10] The
definition of IVD degeneration fluctuates within the research community as it includes a
number of different changes such as annulus tears, disc prolapse and Schmorl’s Nodes.
Together these three abnormalities provide a strong indication of back pain.[11,12] The
current treatment of these cases involves the surgical removal of part of or an entire ef-
fected disc. It is estimated that around >35,000 episodes of these surgeries are recorded
each year, and this number appears to be on the rise as shown in Fig. 1.1.[13]
It is widely believed that considerable gross changes to the material properties of the
discs lead to altered spinal mechanics that can develop in to painful spinal disorders.[14]
However, the cause of degenerative changes in the spine are still indefinable. One newer
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Figure 1.1: Patients with back pain/ radicular pain - total Finished Consultant Episode (FCE’s)
with spinal procedures recorded per quarter (April 06-Mar 11), patients with neck pain are
excluded[13]
avenue of investigation includes the analysis of vertebral endplates, which lie between
vertebral bodies and their adjacent discs.
Understanding the structure and physiology of the endplate is key, not only in under-
standing the cause of IVD degeneration, but also in terms of surgical treatment. It has
been widely debated as to whether endplates should be left intact or removed during
fusion surgeries and methods vary between clinicians. Removing the endplate can be
biologically advantageous as it may promote healing through contact with the bleeding
bone, however, its mechanical effects are not widely investigated. It has been shown
that the removal of the endplates can reduce the in vitro failure load by 33 % (P < 0.04),
as well as a stiffness decrease (P = 0.01), suggesting that the endplates play a vital role
in the mechanics of the spine even post-surgery.[15,16] Understanding the structural and
mechanical importance of the endplate in the motion segment is therefore key to better
understanding how to best support disc implants. Additionally, with the increased fo-
cus on regenerative therapies, proposals of nuclear replacements and cell injections are
becoming common in the literature.[17–19] However, without the mechanical and nutri-
tional support of a healthy vertebral endplate, the long term viability of such implants is
questionable.
1.2 Study Aims
The main aims of the thesis are summarised below.
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• to establish a structural understanding of the endplate and its interface with the
bone and disc across its surface.
• to establish an understanding of the endplate vasculature, as well as permeability
to solutes.
• to determine methods to investigate the mechanical relationship of the bone-
endplate-disc interface.
1.3 Thesis Outline
Each results chapter begins with a short introduction and summary of its contents as
well as a review of the relevant literature.
• Chapter two consists of a literature review as background to this thesis. Briefly, the
physiology of the spine, intervertebral disc and endplates are introduced. Studies
pertaining to the structure, vasculature and mechanics of the endplate are cri-
tiqued.
• Chapter three focuses on the methodologies utilised within this thesis and the the-
ory that underpins them. First, the imaging set up and image acquisition with the
multiphoton microscope are introduced. Then the different animal models are ex-
plored and sample preparation described. Lastly, the acquisition of human spine
samples from surgical patients is outlined.
• In chapter four, the structure of the vertebral endplate is examined. Firstly using,
multiphoton microscopy, second harmonic generation (SHG) and two-photon flu-
orescence (TPF) signals were utilised to investigate the interaction of mineralised
and non-mineralised cartilage at the tidemark. This was supported through the
use of Differential interface Contrast Microscopy and Scanning Electron Microscopy
(SEM). Additionally, Energy Dispersive Spectroscopy (EDS) and Raman Spectroscopy
were utilised to investigate differences in the annular and nuclear regions of the
bovine endplate, as well as look at degenerative human samples.
• Chapter five focuses on the endplates role as a nutritional pathway to the inter-
vertebral disc. Here, vessels within the endplate were imaged using multiphoton
microscopy both label-free and with the aid of a tracer. Experiments on solute
transport and perfusion were also carried out in ovine lumbar spine and bovine
tails.
CHAPTER 1. INTRODUCTION 3
1.3. Thesis Outline
• Chapter six explores imaging of the micromechanics of the cartilage endplate un-
der compression with the multiphoton microscope. The chapter focuses on the
problem by loading the endplate while simultaneously imaging. The chapter utilises
a custom loading rig and imaging using the multiphoton system.
• Chapter seven summarises and concludes the contents of this thesis as well as
giving a brief overview of the potential areas for future development.
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This chapter provides an overview of the anatomy and physiology of the spine and in-
tervertebral disc, however, the main focus is on the research pertaining to the endplate.
The healthy structure and function are discussed as well as changes with aging, degen-
eration and pathologies.
2.1 The Spine
2.1.1 The Lumbar Spine
The vertebral column is made up of a series of 33 bones called vertebrae. These are
grouped into five regions known as cervical, thoracic, lumbar, sacral and coccygeal. The
first three regions are known as ‘movable’ vertebrae whereas the sacral and coccygeal
regions are known as ‘fixed’.[20] Vertebral bodies are interposed with the soft tissue of
the intervertebral disc which allow small movements between vertebra.[21] The lumbar
region is made up of the largest of the vertebral bodies[20] and is often referred to as the
‘lower back’. This area is of key interest as it is shown to be a common site of interverte-
bral disc protrusion and other degenerative issues.[22,23]
The lumbar spine is made up of five vertebrae (noted as L1-5 shown in Fig. 2.1).[24] L5
shares a disc with the first of the sacral bones (shown as S1). The vertebrae are made
up of two main portions, anterior and posterior. The anterior portion contains; the
endplates, vertebral bodies and the anterior and posterior longitudinal ligaments. The
posterior portion refers to the neural arch, zygapophyseal joints (facet joints), the bony
processes and associated ligaments.[25] The spine can also be thought of as numerous
motion segments[21] which are formed of two adjacent vertebrae and the disc found
in-between. These are commonly referred to as functional spinal units.[26] Fig. 2.2 illus-
trates a caudal and transverse view of such a motion segment.
The vertebral bodies are formed of trabecular bone, surrounded with a thin layer of
compact bone, apart from at the superior and inferior regions which merge with the
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Figure 2.1: Sketch of the human lumbar spine. It comprises of five lumbar vertebrae (labelled L1
to L5) and one sacral vertebrae (labelled S1) separated by intervertebral discs (IVD).
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vertebral endplate.[20,27,28] During development the growth of bones takes place at the
growth plates, which in both long bones and the vertebral bodies occurs either end of
the longitudinal direction of growth. In many non-human mammals, the growth plate
is delineated from the vertebral body by a cartilagenous layer, distinguishing the plate
(Fig. 3.4 A).[29] In the human spine fusion of the growth plate begins at∼ 15 years of age,
however, full integration of the plate does not occur until∼ 18 - 25 years of age.[30–32] The
literature uses mixed terminology when referring to the transition region from bone to
endplate to disc. Some literature refers to the presence of cortical bone, whereas others
refer to subchondral bone. Arguably, subchondral bone can be misleading as the term is
ambiguous. Madry et al., alone offered over five definitions of ‘subchondral’.[33] Even by
their own definition (subchondral bone plate and the subarticular spongiosa[33]), sub-
chondral bone is functionally different to that of cortical. This discrepancy in literature
definitions is not limited to the bone at either ends of the vertebral bodies; but also ex-
tends to the endplate, this will be addressed later.
Figure 2.2:A) Caudal view of The vertebral body and posterior elements B) Transverse cross-section
through a motion segment. Schematic adapted from Rodrigues 2015[34]
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2.2 The Intervertebral Disc
The intervertebral disc sits between the vertebrae of the spine, offering flexibility and
shock-absorbance to this highly loaded region. The discs are made of two main com-
ponents, the gelatinous nucleus pulposus and more structured annulus fibrosus (Fig.
2.3).
Figure 2.3: The intervertebral disc. Schematic of the disorganised nucleus pulposus and the highly
organised annulus fibrosus that make up the intervertebral disc (IVD).
2.2.1 Nucleus Pulposus
The nucleus pulposus (NP) is formed of a loose network of collagen fibres within a pro-
teoglycan rich gel.[30,35–41] It is a highly hydrated region with water content as high as
70 - 80 %. Although for many years the structure of the collagen fibres in this region
was seen as highly irregular[30,35,42,43] more recent publication have shown a discernible
structure- though a highly complex one.[44]
Collagen makes up around 20 % of the dry material of the nucleus, proteoglycans mak-
ing up 30 - 50 %, with the remaining composition made up of other non-collagenous
proteins.[37] Though there are multiple types of collagen present, type II is the most
abundant in the nucleus (and commonly found in other load-bearing tissues), it makes
up 80 % of the total collagen whilst types V, VI, IX and XII make up the remainder.[37]
Elastin is another important component of the extracellular matrix of the disc, aiding
its ability to return to its original size after loading. Parallel aligned elastin fibres in the
disc nucleus have been shown to both point radially extending from the centre of the
nucleus towards the annulus, and vertically between the two endplates.[45] However, at
the transitional regions between the nucleus and the annulus it has been shown that the
elastin fibres are no longer parallel but rather form a crisscross pattern.[45]
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2.2.2 Annulus Fibrosus
Compared to the nucleus, the annulus fibrosus (AF) is highly organised. It forms a
fibrocartilage ring around the gel-like nucleus,[37,42,46–49] made of a series of concen-
tric rings (also known lamellae). Each of these is formed of regularly arranged colla-
gen fibre bundles, with elastin running parallel to the fibers.[37,42,46–50] These fibres are
connected to the endplate at a 57°angle to the spinal axis. Consecutive layers have al-
ternating direction which generates a cross-ply structure.[37,46–49] The fibres of the an-
nulus display a planar crimped morphology which aids the mechanics of these fibre
bundles.[46] In tensile loads the crimps are first straightened, which makes the tissue
relatively compliant[46,51] (crimp visible in Fig. 2.4 A). The water content of the annulus
(64 - 77 %) is lower than that of the nucleus, however, there is regional variation with
the inner layers showing higher hydration levels than the outer layers.[52,53] Like the nu-
cleus, type II collagen is abundant in the annulus, though, it decreases in concentration
moving outward from the nucleus, whilst type I increases in concentration.[54]
Figure 2.4: Fibre bundle interactions. Image taken from Vergari et al.,[51] illustrating A) Fibre
bundles crossing over one another B) Fibre bundles sitting parallel to one another and C) Fibre
bundles interdigitising .
Although often depicted in the literature as a regular structure of complete rings, the
annular fibres show complexities.[48,51] As Fig. 2.4 illustrates, the annulus is discontin-
uous, with bundles which can either cross over one another (A), run parallel to one an-
other (B) or interact through interdigitation (C).[51] Regions with higher variability in
structure and higher interdigitation such as the posteriolateral area, has been shown to
be more vulnerable to damage.[37,41,46,49,55–58] In the annulus, elastin fibres are found
running parallel to the collagen fibres within the lamellae.[50] Additionally, elastin fibres
are found concentrated between the lamellae, which are connected to one another with
CHAPTER 2. BACKGROUND LITERATURE 9
2.3. The Vertebral Endplate
cross bridges of dense elastic fibres.[50] The precise role of the connections is debat-
able, however, it has been suggested that the connections have a stabilising mechanical
presence.[50,59]
2.3 The Vertebral Endplate
The vertebral endplate is a discrete entity which forms the transition from the trabecular
bone of the vertebral body to the fibres of the intervertebral disc. It is responsible for
absorbing and redistributing mechanical forces, anchoring the disc and provides the
main nutritional pathway to the avascular disc.
2.3.1 Structure
The literature varies in relation to the nomenclature used in describing the endplate
(Fig. 2.5). The endplate comprises of three main components, two that are cartilagenous
and one that is bone. The three regions are separated with a tide mark (between the two
cartilage regions), and a cement line (between the bone and mineralised cartilage). The
cartilagenous endplate is formed of a region of non-mineralised tissue,[60] which if of-
ten referred to as ‘hyaline cartilage’[61–65] or even just ‘cartilage’. The fibres of this region
have been shown to be aligned horizontally, parallel to the top of the vertebral body, but
they only sit under the inner annulus and nucleus and does not extend to the edge of the
vertebral body. In this thesis, this region will be referred to as ‘non-mineralised cartilage’
(non-MC). The next part of the cartilage endplate is a layer of mineralised cartilage. Due
to its high mineral content, it has also been referred to as a ‘hyper-mineralised region’
since back-scatter SEM shows a strong signal indicating high mineralisation.[66] More
commonly this region is referred to as ‘calcified cartilage’,[60,63,66–69] a term that is bor-
rowed from the description of articular cartilage. The difficulty with this term is that
the chemical composition of this region is still not fully understood, and therefore la-
belling it as ‘calcified’ cartilage may be misleading. Within this thesis, this region will
be refereed to as ‘mineralised cartilage’ (MC). This region extends further than the non-
mineralised cartilage, all the way to the ring apophysis. The non-mineralised cartilage,
and mineralised cartilage together will be defined as the cartilage endplate (CEP).
Beyond the cartilage endplate, there is a region called the bony endplate (BEP)[69–72]
which has been previously labelled as cortical[11,68,73,74] or subchondral bone.[57,63,75,76]
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Figure 2.5: Illustration of the transition from Trabecular bone to the intervertebral disc, with the
three regions of the vertebral endplate (A, B and C). A) Non-mineralised cartilage, previously re-
ferred to as cartilage and hyaline cartilage. B) Mineralised Cartilage, previously referred to as
calcified cartilage and a hyper-mineralised region. C) Bony Endplate, previously referred to as
cortical or subchondral bone.
Again subchondral bone is a term borrowed from articular cartilage which can be mis-
leading about both the structure and function of this region. Similarly, cortical bone has
a very defined structure of high density osteons and haversian canals,[77] which does not
appear to coincide with what is seen within this region. Due to the potential for struc-
tural confusion, this region will be described as the ‘bony endplate’ within this thesis.
The bony endplate has been shown to contain trabeculae like holes containing bone
marrow, and have thus been labelled ‘marrow contact channels’ in relation to their po-
tential role in the nutrition of the disc.[78,79]
2.3.2 Endplate Function
The endplate has three functions in relation to the disc. It plays a role in the mechanics
of the motion segment, the anchoring of the annulus and the nutritional supply to the
IVD. These three functions will now be discussed.
Mechanics
The structure of the endplate and its interactions with the disc play an important role
in the mechanics of the functional spinal unit and thus spine. All aspects of the spinal
unit contribute to the deformation and recovery during loading and unloading cycles of
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every day events such as standing (∼ 1000 N) or light manual work (∼ 1500-2000 N).[80]
Loading can occur in compression, flexion, extension and torsion (Fig. 2.6). Investiga-
tion into the failure mechanisms of the motion segment under tension has been clearly
related to the endplate. Rodrigues et al., showed through scanning electron microscopy
that the main mechanisms of failure under tension at the endplate exist either along the
tidemark (rupture at point of bundle insertion into calcified cartilage) or cement line
(rupture at boundary of underlying bone).[81] A paper published later the same year by
Balkovek et al., was able to show similar findings, clearly displaying the failure of motion
segments at the cartilage and bone interface.[61] This highlights the interface between
cartilage and bone as a weakness within the motion segment.[30,82] Although the spine
experiences a wide range of different loads including tension and shear, it is likely to
experience compression in everyday life. Segment response to compressive loading is
complex due to the combination of material properties and complex structure of the
segment.[83,84] When the disc is compressed, the annulus bulges outwards[85,86] to con-
tain the essentially incompressible nucleus[85] and the endplate bulges into the verte-
bral body.[86,87] Uniaxial loading of the motion segment can result in biaxial loading of
the endplate, causing higher strain which leads to an increased risk of fracture, a major
clinical problem.[27]
Figure 2.6: Image taken from Rodrigues 2015[34] illustrating the various models of loading.
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The role of the endplate within compression loading has been widely discussed, but
due to the difficulty of direct measurement a range of methods have been used and this
complicates the discussion. Some experiments have utilised metal indenters[88,89]) or
pressure films below the endplate,[90] however, these methods require dissection of the
specimen which may create damage and may not address the interaction of the endplate
with the surrounding structures.
Disc Anchoring
As seen above, the disc undergoes a range of loading patterns (Fig. 2.6) which the fibres
of the annulus have to withstand. The anchorage of these fibres has been suggested
as a weakness in the motion segment. The IVD attaches to the endplate (rather than
vertebral bodies) through the lamellae of the inner annulus.[91,92] There is some dis-
agreement in the literature over how far these fibres extend into the endplate structure.
Some have observed that annular fibres penetrate directly into the bony endplate,[36,92]
whereas others have evidenced that the fibres only extend to the intermediate layer of
mineralised cartilage.[93] More recently Rodrigues et al., has suggested using light mi-
croscopy and an ovine model that fibres penetrate through the full depth of the car-
tilaginous endplate, though do not extend far into the bone below.[94] Paietta et al.,
agreed with this conclusion through the use of second harmonic generation (SHG) and
quantitative backscattered scanning electron microscopy (qBSE) on human cadaveric
specimens.[66] Although these findings seemed conclusive, later work by Rodrigues et
al., again in sheep, showed evidence of bone attachment to the fibres in fibre pull out.[81]
This was apparent even after a period of decalcification, suggesting a deeper connection
than first assumed, however these ‘deeper connections’ were not visible under scanning
electron microscopy in their study.[81] This deeper connection explains the existence of
bone fragments on annular bundles, which have been seen on herniated discs removed
during surgery.[63]
It has been suggested that a lack of connection could leave the discs vulnerable, how-
ever, Rodrigues et al. further demonstrated what they call ‘sub-bundles’ or ‘leaves’.[94]
They proposed that this would increase the anchorage strength of the disc by increas-
ing the area of interface between a bundle and the matrix, which would in turn increase
the maximum tensile force required for pullout.[94] Most recently a paper from the same
lab as Rodrigues et al., suggested that the anchoring of the disc is aided by the integra-
tion of the disc fibres into fibrils that form the osteon network of the bone shown in Fig.
2.7.[95]
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Figure 2.7: Image taken from Sapiee et al.,[95] illustrating suggesting an anchoring mechanisms of
disc fibres with osteon fibrils.
Nutrition
Due to its sparse vascularisation, the diffusion of small solutes through the endplate
and the movement of water are key factors in disc nutrition. Hydration varies with load-
ing, if the stress exceeds the osmotic swelling pressure, fluid is expelled.[96] Following
this, unloading leads to fluid absorption, returning the IVD to a steady state of hydra-
tion explaining the cyclic nature of disc height loss and regain seen diurnally.[96,97] Ad-
ditionally disc hydration plays a role in redistribution of compressive loads of the spine.
Studies have also shown that hydrated discs have a lower stiffness when compared to
dehydrated discs.[96,98]
Non-mineralised cartilage has been shown to have a lower hydraulic permeability than
the bony endplate,[99] suggesting that it has a role in restricting water transportation
through the endplate, which may also help to maintain nucleus fluid pressure. Bony
endplate porosity influences both its transport and mechanical role. It has been shown
that BEP porosity is highest in the centre, corresponding to the location of the disc
nucleus.[100] However, this results in the central region being most vulnerable to frac-
ture when the spine is compressively loaded, particularly with impact. Experimentally,
it has been shown that significant predictors of BEP porosity have been shown as BEP
thickness, adjacent nucleus pressure and compressive stress of anterior annulus.[100]
Another indicator of the endplates transport role, is the location of marrow contact
channels from the underlying bone. Ayotte et al., demonstrated through the use of
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fluorescent dye, that during flow in to the IVD, the dye follows the path of the mar-
row channels into the cartilage within mature sheep endplates.[78] This supports earlier
work which suggested that the interaction of these channels which the authors called
the ‘medullar cavity’, with the cartilage endplate facilitated diffusion, and that in calci-
fied degenerative endplates where this interaction was blocked, dye could not penetrate
into the disc.[101] Van der Werf later confirmed this through perfusion blocking, using
a foil that covers 30% of the disc resulted in a 50% decrease in average perfusion, dis-
playing a weak, but significant relationship between perfused vascular buds and N2O
diffused into the disc (R2 = 0.52, P = 0.008).[102]
The movement of small solutes into the disc has been shown to be primarily through
diffusion, with the amount of neutrally charged solutes (e.g. glucose) being higher than
that of negatively charged solutes (e.g. sulphate ion).[103] Additionally, the molecular
weight of solutes effects their transport as shown by the diffusion of fluorescently tagged
dextran in bovine tail discs.[104] Following a nonlinear relationship, diffusion coefficients
decreased with molecular weight. Diffusion coefficients were also shown to be higher in
the nucleus than the annulus, due predominantly to the higher water content in the nu-
cleus which aids diffusion.[104] The permeability of the endplate to solutes is imperative
as it has been demonstrated through finite element analysis that when the exchange
area of the cartilaginous endplate drops below 40 %, a consequent fall in nutrient con-
centration will occur. This in turn will initiate cell death, which increases exponen-
tially as exchange area decreases.[105] There is a small amount of diffusion which occurs
through the outer annulus, however, experiments in rabbits[106] and dogs[103,107] suggest
that the effects of this route do not reach the critical region of the nucleus centre, and
this region relies almost completely on the endplate route of transport.[103,106,107]
2.4 Vasculature
The IVD is widely recognised as an one of the largest avascular tissues in the human
body.[108,109] As with other avascular tissues, the nutrient concentration of the matrix
decreases in relation to the distance from capillaries.[110] For cells to remain viable, a
critical level of 0.2 mM glucose and a pH 6.7 must be maintained. As discussed, the
primary nutrient transport route of the IVD is that of the vertebral endplate. There is
a small amount of diffusion through the outer annulus,[28] however, the inner annu-
lus fibrosus and nucleus pulposus rely almost entirely on nutritional transport through
the endplate.[106,107] Additionally, the endplate is key in the removal of metabolic waste
CHAPTER 2. BACKGROUND LITERATURE 15
2.4. Vasculature
and degraded matrix molecules.[64] This is important as waste products such as lactic
acid can alter the cellular environment, by increasing the acidity and decreasing the
metabolic activity.[25]
Figure 2.8: Illustration of the vasculature of the vertebral body. Not to scale.
The abdominal aorta and the inferior vena cava are the main artery and vein that run
parallel to the lumbar spine. The aorta branches into the lumbar artery which inserts
into the vertebral body. Equatorial branches and nutritional arteries split off, into the
vertebral bone (Fig. 2.8). The capillary network has been suggested to extend all the way
to the endplate (though the specific region of endplate is unclear).[111–116]
A venous return/drainage has been suggested by Crock et al., which includes a post-
capillary venous network ‘on’ the vertebral endplate (region specificity is lacking).[116]
Additionally, they illustrated large horizontal vessels within the trabecular bone. Detail
of the capillary bed within the endplate is severely lacking from the literature. Papers
have suggested the occurrence of buds (as shown in Fig. 2.9) or loops, however, these
studies are inconclusive.[111,112,115]
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Figure 2.9: A) Image taken from Crock et al., illustrating the ‘post-capillary venous network’.[116]
B) Image taken from Crock et al., illustrating ‘capillary buds’ at the vertebral endplate.[115]
2.5 The Lymph Network
The lymphatic system is a complex maze of capillaries, ducts and nodes which together
maintain tissue fluid homeostasis, uptake and transport of lipids as well as immuno-
surveillance.[117] The system contains channels with blind-ended capillaries which con-
vey interstitial fluid and cellular debris. This system is separate from the surrounding
blood vessels.[118] The thoracic duct of the lymphatic system originates a large vessel at
level of the second lumbar vertebrae (the Cisterna chyli seen in Fig. 2.10), and ascends
into the chest.[119]
Given the proximity of such an important lymphatic to the spine, it is surprising that
little research has been completed on the role of the lymphatic system in relation to
the intervertebral disc. Early work made use of histological staining to suggest the oc-
currence of lymph vessels.[120] The study used human specimens of a range of ages (27
week old fetus to 90 years), and showed that lymph vessels were present in the annulus
up till the age of 20 years (Fig. 2.11). They were reported as present in the tissue sur-
rounding the annulus in all specimens, although the study only looked at the disc itself,
and not the adjacent endplates.[120] A later study by Kashima et al., disagreed with the
findings of Rudert et al., despite using a similar method.[121] Positively, they did include
the vertebral bodies (and therefore endplates) in their investigation, and concluded that
no lymphatics were present in normal spinal vertebrae nor the intervertebral disc of
children or adults.[121] They did suggest however, that lymphatics are present in patho-
logical lesions of the spine.
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It should be noted that Hsu et al., have discussed how traditional anatomical research
methods, e.g. continuous dissection as used in the previous two studies, are difficult due
to the complex maze of vessels and ducts.[122] Thus, the role of the lymphatic system in
relation to the intervertebral disc is under-researched and inconclusive.
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Figure 2.10: Taken from Pediatric Surgery (Seventh Edition)[119] schematic illustrates the proxim-
ity of the Cristerna chyli and the thoracic duct of the lymphatic system to the intervertebral disc
and vertebral bodies.
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Figure 2.11: Taken from Rudert and Tillmann 1993.[120] Lymph vessels marked by dark lead sul-
phate precipitates (arrows) in a horizontal section of an annulus fibrosus of a 1.5 year old.
2.6 Aging
With age, the bony endplate has been shown to become more porous and increase in
overall permeability.[99] This is supported with other literature from cadavers showing
that the small pores in the endplate decreases with age and disc degeneration, as the
number of larger holes increases.[123] There is some discussion around how the thick-
ness changes with age, some papers suggest a decrease in endplate thickness within
human endplates with age,[99,124] however, Wang et al., suggests that there is no associ-
ation with endplate BMD nor thickness and age.[125] Rather they showed with cadaveric
spines that thickness changes are seen with increased degeneration.[125] The cartilage
endplate also has been shown to thin with age,[124] which may reduce its capacity as a
‘shock-absorber’.[28] Additionally, porosity and permeability increase steadily with age,
in both the cartilage layers[99] which will have an effect on the role of the endplate in the
nutrition of the IVD.
2.7 Pathologies
Because the bony endplate region is rich in blood vessels and nerve endings[115,126] the
endplate has been implicated in the cause of lower back pain, but research is only re-
cently focusing on this area. Schmorl’s nodes (the penetration of disc tissue through
the endplate to the vertebral marrow) are the most common of endplate pathologies.
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Although first recognised over 150 years ago, the origin of the nodes is still unclear.[127]
To complicate the situation, many studies have generalised any visible lesions on the
endplate as Schmorl’s nodes which may confound a variety of pathologies.
Figure 2.12: Lesion prevalence (%) grouped by etiology and site. Image on the right indicates the
regions of the endplate. Schematic produced with data from Wang, Videman and Battié[128]
Wang, Videman and Battié began addressing this issue through identifying endplate le-
sions by spinal level,[128] endplate location and grouped under four etiologies; Schmorl’s
node, fracture, erosion and calcification.[129–131] Vertebral level (L1-S1), showed no sta-
tistical significance in the prevalence of lesions in general (p = 0.78), however, different
lesion types showed specific distribution patterns. For example, fractures were fairly
consistent through the length of the spine whereas erosion seemed to increase towards
the caudal end. How these relate to the structural variation in the endplate along the
spine is unknown. Similarly, the paper showed the distribution of lesions over the end-
plate regions (Fig. 2.12). Very little is known about the varying causes of these lesion
types, the relation to endplate structure, nor how they relate to LBP and/or disc failure.
This suggests the need to investigate variation in endplate structure and function along
the spine.
Modic changes are also referenced heavily in the literature in relation to pathologies of
endplates and disc degeneration.[75,132–135] One definition describes Modic changes as
‘vertebral endplate signal changes’ measured with magnetic resonance imaging (MRI).[75]
However, MRI scans have shown that Modic changes can affect as much as 75% of the
vertebral body.[134] Additionally, considering the reported size of endplates, degenera-
tive changes would unlikely be resolved with such an MRI scan. This suggests that Modic
changes are not endplate specific issues, and should not be described as such. This dis-
parity in understanding of the basic structure of the endplate between the clinical and
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basic science literature needs to be addressed, and a consensus on the structure and
clinical relevance of the endplate attained.
22 CHAPTER 2. BACKGROUND LITERATURE
3 Global Methods
This chapter describes the materials and methods that are relevant throughout the the-
sis. It is split into two main sections of imaging and sample preparation. Firstly, the
imaging set up is described and then the two contrast mechanisms, two photon fluores-
cence (TPF) and second harmonic generation (SHG), are explained. Secondly, animal
models of the endplate are explored in relation to the disc and bone, followed by a de-
scription of sample acquisition and preparation. Lastly procurement of human samples
from surgical patients and sample preparation is described.
3.1 Imaging
The main imaging method utilised in this study to characterise the endplate was mul-
tiphoton microscopy. This method offers two main advantages, the first being sub-
micron resolution even in three-dimensional (3D) data sets. Secondly, the reliance on
endogenous contrast allows for detailed structural data from intact and unstained sam-
ples. Imaging methods such as transmitted light (differential interface contrast or phase
contrast) or electron microscopy (scanning (SEM) or transmission (TEM)) require com-
plex sample preparation including fixing and dehydrating, metal surface coating and
the production of thin sections. Not only can thin sections limit the imaging for 3D
structures in the tissue, but the preparation can produce artifacts when imaged.
3.1.1 Imaging Set-Up
The imaging set up is founded upon a Olympus FluoView microscope which has been
converted for multiphoton microscopy. This microscope allows both SHG and TPF imag-
ing in the forwards and back-scattered directions. The Olympus FluoView 300 was utilised
as the scanning system with an Olympus IX71 inverted microscope. Scanning and im-
age acquisition were controlled via the FluoView version 5 software. This system has
been used in a number of studies previously.[51,136,137]
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The laser system is supplied by Coherent and consists of a Mira 900 Ti:sapphire laser
pumped by a Verdi (V10) laser (532 nm). The maximum power output of the Mira is 1.5
W with its wavelength tuneable between 690 nm and 990 nm. It has a repetition rate of
76 MHz and pulse width of 200 fs, this is used for both SHG and TPF imaging. The SHG
signal was isolated by band pass filters (CG-BG-39-1.00-1 and F10-400-5-QBL, CVI) and
focused onto a photomultiplier tube (R3896, Hamamatsu Japan). TPF was also mea-
sured in the epi-direction via the same light path with the bandpass filters exchanged to
CG-BG-39-1.00-1 and F70-500-3-PFU, CVI.
Figure 3.1: A schematic diagram of the optical table layout.
3.1.2 Non-Linear Microscopy Theory
Two-Photon Fluorescence
Two Photon Fluorescence (TPF) comprises the simultaneous absorption of two photons
(‘simultaneous’ in this regard is a sole quantum event within the period of ~0.1 fs). The
combined photon energy excites an electron to a higher state, the excited electron re-
turns back to its ground state via thermal relaxation, which is followed by the emission
of an individual fluorescent photon.[138,139] As illustrated in Fig. 3.2 the exciting photons
are usually in the near infra-red and have approximately 50 % of the energy required
to raise the electron into its excited electronic state. Because of the nonlinear excita-
tion, the fluorescence is confined to the focal point of the laser beam, and fluorescence
power decays as 1
z2
, where z is the axial distance away from the focus. The benefit of this
is lower out of plane photo-bleaching. One of the major advantages of TPF, especially in
terms of biological application is the ability to image relatively thick samples due to the
reduction in absorption and scattering.[140]
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Figure 3.2: Energy level diagram for TPF where ω is proportional to the photon energy.
When assessing TPF images formed from biological tissues, it is important to under-
stand which molecules are contributing to the TPF signal as intensity of the signal is
dictated by the abundance of endogenous fluorophores. A high number of molecules
have been reported as endogenous two-photon fluorophores for example nicotinamide
adenine dinucleotide phosphate (NADPH).[141] The endogenous fluorophores expected
within the extra cellular matrix are elastin and collagen, with excitation wavelengths of
700-740 and >750 nm respectively. However, in many tissue types, TPF sources are still
unidentified. For example, Mansfield et al., noted TPF in mineralised tissues, however,
when pure hydroxylapatite, a large component of mineralised tissue, was assessed for a
TPF signal no fluorescence was detected.[142]
Second Harmonic Generation
Second Harmonic Generation (SHG), also known as frequency doubling, is a coherent
elastic scattering process. It involves two excitation photons being simultaneously ab-
sorbed by a medium that is optically non-linear to produce a SHG photon that has a
wavelength precisely half of the excitation wavelength (Fig. 3.3).
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Figure 3.3: Energy level diagram for SHG where ω is proportional to the photon energy.
Because SHG is a symmetry breaking process it is emitted only by non-symmetric struc-
tures. Within a biological context there are multiple structures which are known as
sources of SHG (Table. 3.1). Collagen, the most abundant structural protein in the body,
is one of the largest contributors to the SHG signal within this project.[143] Some research
has investigated whether the intensity of the SHG signal, determines the type of colla-
gen (type I, II or III), however, the results indicated that the intensity was more reliant
on the the degree of order and alignment.[144]
Table 3.1: Biological sources of SHG reported in the literature.
Source of SHG Location
Fibrillar collagen[145] Extracellular matrix
Tubulin[146] Cytoskeleton
Microtubules[147] Cytoskeleton
Actin/Myosin[148,149] Muscle Fibres
The intensity of the second harmonic signal produced from a collagen sample is depen-
dent on the orientation and polarisation state of the laser excitation light with respect to
the fibre axis.[150] The SHG intensity will be highest when the collagen fibre and imaging
plane are aligned, and lowest when they are perpendicular. This is exploited in polari-
sation SHG to reveal detail of intrafibrillar organisation.[143,151,152]
Paietta et al., seems to be the only paper using multiphoton microscopy to look at ver-
tebral endplates, however, they only applied SHG to the imaging of the soft, cartilage
tissue.[66] Mansfield and Winlove applied the combined techniques to investigate fibre
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organisation at the tidemark and cement line in equine metacarpophalangeal joint.[136]
By combining the techniques, a greater visualisation of these transitional tissues was ob-
tainable than when utilised on their own. The application of multiphoton microscopy
to the endplate will allow a greater understanding of the structure, the integration of
multiple tissue types and hopefully this will lead to a better understanding of failure
mechanisms.
3.2 Samples
3.2.1 Animal Models
The feasibility of utilising healthy human tissue for experimentation is limited, not only
by strict ethical guidelines but also the availability of sufficient and appropriate tissue.
Animal models have been used widely in spinal investigations.[29] No one animal model
is classified as the ‘gold standard’ as varying differences between species and breed
make certain models more appropriate in certain situations.[153] Models are invariably
assessed by different criteria, for example in regards to the intervertebral disc, parame-
ters such as water or proteoglycan content are important, whereas in the vertebral body,
bone density is a major concern. In regards to the vertebral endplate, due to its rela-
tionship and proximity to both the disc and bone, the model has to be a compromise
of attributes. Another important consideration is whether the model is being used as a
‘healthy’ representation, or that of degeneration. Degeneration models can fall into two
categories of ‘induced’ or ‘spontaneous’[153] which will dictate the animal model used.
Further we can subdivide again into structural or mechanical groups which will play a
part in the decision on the model.
Animal Models of the Intervertebral Disc
In selecting an animal model, a number of factors have been discussed including, disc
size, loading, water and proteoglycan content as well as notochordal cell depletion,
which occurs in human discs, though not all mammals.[154] Table 3.4 is an overview of
the discussed disc attributes across both species and age.
i. Disc Size
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Animal models in the disc literature range from small rodents, through to large mam-
mals. Animals as small as mice, rats and rabbits are advantageous as they provide pos-
sibilities for genetic knockout/mutation, technological investigations and surgical in-
terventions such as tail amputations.[154] However, one of the acknowledged contrib-
utors to disc degeneration, is the reliance of this avascular tissue on diffusion for its
nutrition supply, which is proportional to the size of discs.[155] This questions the clin-
ical relevance of small animal models, and begs investigation of disc height, width and
size of the nucleus pulposus. In a paper discussing this O’Connel et al.,[155] compared
eight different animals to the human disc by normalising to the disc lateral width. This
allowed for comparison of the whole disc and nucleus height, anterior-posterior (AP)
width and area. The results indicated surprisingly that the mouse and rat lumbar, and
mouse tail discs were the closest representation of the human lumbar intervertebral
disc geometry.[155] However, rates of diffusion are dependent upon absolute dimension,
as well as cellular density which arguably plays a more important role than disc size
alone[107] as cellular density will effect the nutritional demand.[156]
ii. Disc Loading/Mechanics
Spines endure different loading patterns in bipeds compared to quadrupeds. Some
bipedal models have been used in the past, such as primates,[157] or even genetically
engineered bipedal mice and rats,[158] however, these models raise complex ethical is-
sues. The most commonly utilised models within the research are that of quadrupeds
such as dogs, cows and sheep. Additionally, several models utilise the tail vertebrae of
certain animals as an accessible and cheap alternative to whole spines. Again, com-
pared to bipedal, tail discs will undergo different loading patterns. However, it has been
noted that a model should not be disregarded solely on the bases of quadruped or tail
as a high amount of disc loading comes from the associated muscles and ligaments.[159]
This suggests that the loading experienced by IVD’s in large quadruped animal spines
and tails could be comparable in loading to that experienced in the upright stance of
humans.[29]
iii. Notochordal Cell Depletion
During the development of the spine, intervertebral discs are formed through the accu-
mulation of the mesenchyme around the notochord and subsequent segmentation.[29]
In human spines, notochordal cells are present in utero, however, after birth they rapidly
reduce with none remaining in the nucleus by early adulthood.[29] The source of nucleus
cells in the mature disc is unclear and suggestions include the inner annulus or even the
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cartilage endplates.[160,161] This is contrary to that of the a number of species whose no-
tochordal cells remain present in the nucleus throughout adulthood. Notochordal cell
persistence is an important factor in the suitability of a model, as they have a great effect
on the viability of the disc.[154] The literature has attested to their role in proteoglycan
metabolism,[162,163] hyaluronan production,[164] and they may play a part in progenitor
cell function.[29] A few species, such as sheep, goats[165] and some breed of dogs (known
as chondrodystrophoid (CD) dogs)[166] are among those who lose their notochordal cells
from the nucleus post birth, and are thus predisposed to disc degeneration in later life. It
is supposed that some species can have an induced reduction in their notochordal cells
through intervention,[167,168] and their studies have highlighted apoptotic processes as
key in the reduction of notochordal cells.[169]
iv. Water and Proteoglycan Content of the IVD
As with several other factors, not only species, but disc level and age of animal come into
play when addressing water and proteoglycan content. Most species display higher lev-
els of both water and proteoglycans in the nucleus than the annulus. However, when it
comes to aging, human discs display a complex pattern of increasing proteoglycan con-
tent in the nucleus until age ∼ 25-40 yrs, and then a decrease.[170] Bovine tail displays a
similar increase in proteoglycan content, but do not achieve as great a level as humans,
with a 24-48 month old caudal bovine discs showing similar proteoglycan content to
that of 40-60 yr old human discs.[170,171] Similarly, a 4 year old ovine disc shows compa-
rable proteoglycan content to that of a 60-80 yr old human disc.[170,172] Water content
of human disc also declines with age, a drop from ∼ 77±4 % to 69±2 % and 89±2 %
to 75±2 % in the annulus and nucleus respectively[170] (Table. 3.2). This makes human
adult disc comparison with animal models difficult as animals such as the rabbit (at 13
weeks) have a lower water content of the annulus (63.6 v 69 % in humans), and higher
in the nucleus (81.6 v 75 %). The bovine tail appears to be the more comparable where
we see a decrease in the annulus water content from 73±7 % to 67±2 % between 8 - 20
months and 20 - 48 months, not only following the same pattern as seen in humans but
reflecting similar values.
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Table 3.2: Reported variations in intervertebral disc physiology between species and with age.
Species
Posture Disc Height Age Region Notochordal Presence Water Content Proteoglycan Content
(mm) (%) (mg/g dry weight)
Human (lumbar) Bipedal 11.3 ± 0.3 0-2 yr Anterior AF Present [38, 173] 77 ± 4 [170] 117 ± 57
Posterior AF 78 ± 5 [170] 149 ± 66 [170]
NP 89 ± 2 [170] 458 ± 130 [170]
2 - 5 yr Anterior AF Present [38, 173] 70 ± 3 [170] 90 ± 31 [170]
Posterior AF 74 ± 3 [170] 128 ± 24 [170]
NP 87 ± 1 [170] 659 ± 85 [170]
5 - 15 yr Anterior AF Present to ∼ 10 years [38, 173] 69 ± 3 [170] 82 ± 19 [170]
Posterior AF 72 ± 2 [170] 126 ± 26 [170]
NP 86 ± 1 [170] 632 ± 119 [170]
11.3 ± 0.3 [155] 25 - 40 yr Anterior AF Absent [38, 173] 66 ± 3 [170] 103 ± 33 [170]
Posterior AF 69 ± 2 [170] 174 ± 34 [170]
NP 82 ± 2 [170] 695 ± 221 [170]
40 - 60 yr Anterior AF Absent [38, 173] 68 ± 3 [170] 121 ± 36 [170]
Posterior AF 72 ± 2 [170] 164 ± 67 [170]
NP 77 ± 3[170] 356 ± 140 [170]
60 - 80 yr Anterior AF Absent [38, 173] 69 ± 2[170] 84 ± 48 [170]
Posterior AF 73 ± 2 [170] 100 ± 49 [170]
NP 75 ± 2 [170] 188 ± 117 [170]
Rabbit (mid-thoracic Quadruped 1.42 ± 0.39 [155] 4 wk AF Present [173, 174] NA 100 [175]
and lumbar) NP NA 300 [175]
13 wk AF Present [173, 174] 63.6 ± 2 [176] NA
NP 81.6 ± 2 [176] NA
Pig (lumbar) Quadruped 12-18 mo AF Present 64 ± 3 [177] NA
Table continued on next page. AF = Annulus Fibrosis, NP = Nuceus Pulposis, NA= Not available
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Species
Posture Disc Height Age Region Notochordal Presence Water Content Proteoglycan Content
(mm) (%) (mg/g dry weight)
NP 85 ± 5 [177] NA
Pig (tail) Tail 6 mo AF Present 70 ± 5 [178] NA
NP 90 [178] NA
Greyhound (lumbar: Quadruped 0-10 mo AF NA 40 [175, 179]
non-chondrodystrophoid) NP NA 119 [175, 179]
11 - 20 mo AF NA 40 [175, 179]
NP NA 97 [175, 179]
21 - 60 mo AF Present ∼ 5 years [71, 173, 180] NA 40 [175, 179]
NP NA 124 [175, 179]
90 - 100 mo AF NA 40 [175, 179]
NP NA 97 [175, 179]
>100 mo AF NA 40 [175, 179]
NP NA 54[175, 179]
Beagle (lumbar: Quadruped 0-10 mo AF Present 6 months [154, 173, 180] NA 30 [175, 179]
chondrodystrophoid) NP NA 78 [175, 179]
11-20 mo AF Absent [154, 173, 180] NA 43 [175, 179]
NP NA 94 [175, 179]
21 - 30 mo AF Absent [154, 173, 180] NA 63 [175, 179]
NP NA 94 [175, 179]
> 31 mo AF Absent [154, 173, 180] NA 63 [175, 179]
NP NA 74 [175, 179]
Bovine (tail) Tail 6.90 ± 0.35 [155] NA AF NA 78 [175, 179]
NP NA 341 [175, 179]
8 - 20 mo AF Present 12 months [173, 181] 73 ± 7 88 ± 47 [171]
NP 77 ± 6 243 ± 171 [171]
24 - 48 mo AF Absent 67 ± 2 98 ± 37 [171]
Table continued on next page. AF = Annulus Fibrosis, NP = Nuceus Pulposis, NA= Not available
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Species
Posture Disc Height Age Region Notochordal Presence Water Content Proteoglycan Content
(mm) (%) (mg/g dry weight)
NP 77 ± 2 166 ± 50 [171]
Sheep (lumbar) Quadruped 3.93 ± 0.07 [155] 9 mo NP Absent 86 ±4 321 ± 21 [182]
9 - 12 mo Outer AF Absent 74 ± 6 NA
4 yr AF Absent NA 65.6 ± 3 [172]
NP NA 138 ± 9 [172]
AF = Annulus Fibrosis, NP = Nuceus Pulposis, NA= Not available
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Animal Models of the Vertebral Body
Like the intervertebral disc, the vertebral body has a number of different aspects that can
be similar or dissimilar between different species. The bodies are made up of trabecular
bone, surrounded by an outer cortical shell (except under the disc/endplate). When
assessing model suitability, it is important to consider the physical properties, such as
those presented in Table 3.3, however, we must also consider the development of the
spine and less well documented properties such as the curvature. As with the disc, study
purpose is important in assessing the appropriateness of each measure in relation to the
project. For example, studies on bone plugs integration will have different requirements
to a fracture risk study.
Comparison of animal models is presented first in regards to the composition (min-
eral density), fracture stress (a crude indicator of mechanical properties) and geometry
(height). Secondly, the mechanisms of growth and ossification are compared and finally,
the shape of the surface zone, and thickness of the endplate.
i. Height, BMD and Fracture Stress
Table 3.3 summarises three of the main parameters to be considered in research using
animal models for the human vertebral bone. Vertebral body height helps to describe
the size of vertebrae as well as its shape when documented across the width of the bone.
In the central region of mature adult spines, vertebrae measure 24.5 ± 0.6 mm.[183] Pig
vertebrae are similar in size (23.4 ± 0.5 mm[183]) whereas cow and sheep vertebrae are
larger.[184] These are important to consider as we know cervical human vertebrae are
smaller than those in the lumbar regions, which suggests why porcine spines is a com-
monly used model for the cervical spine in studies.[185] Human bone mineral density
is significantly lower than seen in the quadruped animals, and this is also reflected in
the fracture stress, which poses a particular problem if the model is aiming to mimic
aged or pathogenic bone. For example osteoporosis sees an increase of bone fragility
which is reflected in a decreased bone mineral density (BMD) and bone mechanical
properties.[186]
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Table 3.3: Reported variations in vertebral body physiology between species and with ages.
Species
Maturity Region Vertebral Body height Bone Mineral Density Fracture Stress
(mm) (g /cm3) ( mean (range) N /mm2 )
Human (Lumbar) Adult 0.172 ± 0.005 [187] 1.21 (0.08 - 2.40) [188]
Mature Adult Anterior 27.8 ± 1.5 [183] 0.10 ± 0.01 [187]
Central 24.8 ± 0.6 [183]
Posterior 28.2 ± 2.0 [183]
Bovine (Spine) Immature Whole Body 3.40 ± 0.164 [189] 5.67 (1.98 - 9.28) [188]
Bovine (Tail) Adult A/P Average 38.4 ± 3.05 [184]
Porcine (Lumbar) Immature Anterior 24.3 ± 0.5 [183] 2.4 (1.70 - 3.76) [188]
Central 23.4 ± 0.5 [183]
Posterior 24.2 ± 0.6 [183]
Adult A/P Average 37.1 ± 5.2 [184] 1.00 ± 0.044 [189]
Ovine (Lumbar) Adult A/P Average 36.5 ± 1.6 [184] 13.22 (3.30 - 15.79) [188]
Mature Adult Anterior 39.4 ± 2.0 [190]
Cervidae/Deer (Lumbar) Adult Whole Body 1.237 ± 0.275 [191]
Ventral 40.5 ± 3.8 [191]
Dorsal 43.4 ± 2.0 [191]
A/P Average = Combined anterior and posterior average, NA= Not available
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ii. Growth and Ossification
As previously mentioned, in the majority of mammalian vertebrae, the growth plate is
delineated from the vertebral body by cartilage (Fig. 3.4 A). Integration of the human
growth plate occurs between ∼ 18 - 25 years of age (Fig. 3.4 B),[29–32] however, in many
mammals, this epiphysis remains throughout life, effectively within the vertebrae. This
highlights a major difference between human and animal models (including sheep and
cow), the lack of an apophysis ring (rather than epiphyseal, as it infers that the ring
makes no independent contribution to vertebral growth[192]) at the outer rim of the ver-
tebral body (Fig. 2.3). This is significant as it is reported that the outer annulus fibres
anchor into this apophysis and therefor it plays a role in the mechanics and stability of
the motion segment as a unit.[192] This does not rule out such animal models, however,
care must be taken when applying findings to the human spine.
Figure 3.4: Growth plate locations in sheep and human. A) Growth plates (asterisks) occur within
the vertebral bodies of many species, above image is from a sheep. B) Human growth plates, are
restricted to the base of the cartilage endplate (CEP), interfacing between the disc and vertebral.
Image taken from Alini et al.,[29]
iii. Curvature/Convexity
The shape of the caudal and cranial regions of the vertebrae influence how the endplate
sits, and differences in this have been noted, though not well documented. As is obvi-
ous from Fig. 3.4 A, the sheep vertebrae and endplates are relatively flat, though slightly
convex centrally. Bovine tail endplate shape varies, but mostly protrudes in a convex
manner towards the centre of the disc, whereas the human lumbar vertebra curves in-
wards after the apophyseal ring, in a concave manner. The cranial human endplates
have been reported to have a greater degree of concavity, however, the spinal level is
shown to effect this.[128] The complexity of these shape variations suggests that load-
ing mechanisms could be responsible. Though this has not been investigated in the
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literature explicitly, it is acknowledged that altered endplate shape will effect the overall
loading of the motion segment.
iv. Endplate Size and Thickness
Large quadrupeds have been shown to have a constant endplate diameter throughout
the spine, whereas the vertebral endplates in humans gradually increase in anterior-
posterior diameter from the cervical to lumbar region.[128,190] However, within the lum-
bar spine itself a very small amount of variation is seen, with anterior-posterior diameter
ranging from 33.8 - 36.2 mm.[128]
Considering the extensive use of animal models within endplate investigations, there is
very little information on the thickness. Comparably, the thickness of the human end-
plate is relatively well documented,[128,193–195] however, the endplate thickness is often
calculated from the concavity of vertebral bodies measured by radiography techniques.[195,196]
This means that these papers often do not differentiate between the regions of the end-
plate, except in some cases where the BEP is classified as the ‘cortical shell’.[193,194] Over-
all, the human endplates are suggested to be 1.5 ± 0.8 mm thick in the lumbar spine,
though cranial endplates (in relation to the disc) are shown to be ticker.[128,195]
Animal Models: Conclusion
For this study a model that provided a possibility for a range was ages was necessary,
however, preliminary investigations in a less appropriate model can be valuable. There
is no single animal model that is perfect for the human lumbar endplates. From the
reviewed models, the ovine and bovine were selected for this study. The ovine is the
preferred model, as it shows similarities with the human in term of biochemical com-
position, water content and the lack of notochordal cells in maturation. Additionally, it
has been reported to have a hypermineralised cartilage region indicative of the miner-
alised endplate. The bovine tail was selected as an additional model, as the low cost and
easy availability would allow for high sample numbers and trial experiments as well as
perfusion experiments which are not viable with the sheep model.
3.2.2 Animal Sample Acquisition
Various abattoirs and farms were used to acquire the animal models for this study. Bovine
tails were purchased from Gages Farm Abbatoir Newton Abbot, on the day of slaughter.
Immature sheep spines came from Darts Farm Topsham, frozen, after having their soft
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tissue removed for meat sale. Mature sheep spines proved much harder to come by, not
only due to the lower demand for hogget or mutton, but also due to food standard reg-
ulations. The Food Standards agency, in a bid to decrease the risk of bovine spongiform
encephalopathy (BSE) reaching humans, requires the removal of specified risk material.
In sheep vertebral columns are cut through the middle and the spinal cord removed
against BSE transmission. This process incurs damage to vital tissue for experimenta-
tion. One such spine was acquired from a local mutton farm. This spine was there-
fore only utilised in methodological development. This meant reliance upon the death
of birthing ewes, either acquired post natural death from S. Roberts, Oswestry, or post
slaughter from Gages Farm Abbatoir. The spines of natural death had a lot more blood
clotting due to them not being butchered right away, additionally they had to be frozen
for storage and transport to the lab. The details are shown in Table. 3.4.
Table 3.4: Animal models, their ages and locations of origins.
Animal Model Age (yrs) Number Acquired from
Bovine Tail <1 10 Gages Farm Abattoir
Ovine Lumbar <1 2 Darts Farm
Ovine Lumbar ~2 1 Gages Farm Abattoir
Ovine Lumbar 4 1 S. Roberts
Ovine Lumbar 7 1 S. Roberts
3.3 Dissection
3.3.1 Bovine Tail
Tails were obtained fresh, on the day of slaughter. The first step was to remove the skin
and hair, this was done using a scalpel incision down the length of the tail. The skin was
then peeled away by separating it from the connective tissue with a series of slices. Once
the skin was removed, the fat, muscle and connective tissues remained. These were also
removed with a scalpel and extra care was taken in the region of the disc in order to
prevent damage (Fig. 3.5).
Motion segments were then separated from one another by cutting through the verte-
bral bodies roughly 1 cm from the endplate in the mid-transverse plane with a hack saw,
leaving sections containing vertebrae-disc-vertebrae. For most experiments flat cross-
sections were required, therefore these motion segments were sliced sagittally with a
hack saw (Fig. 3.7).
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Figure 3.5: Schematic of a cow tail, showing the initial stages of dissection. Firstly skinning, then
soft tissue removal to expose the discs and vertebral bodies.
3.3.2 Sheep Spine
The sheep spine was obtained frozen, with most of the soft tissue removed. However,
in all cases the pelvis and sacrum were still attached and required separation from the
spine. Once separated from the pelvis, the spine was cut into motion segments in a
similar manner to the bovine tail. One thing to note was that compared to the bovine
tail, the sheep vertebrae contained much more blood (see Fig. 3.7).
Figure 3.6: Schematic of A) the Lumbar/sacral junction of the sheep spines received from the butch-
ers. B) Example of a ovine lumbar vertebrae showing the spinal canal and spinous processes.
3.3.3 Preparation for imaging
Both ovine and bovine motion segments were sectioned sagittally to produce cross-
sectional views by using a hack-saw. In order to create a flat surface to enable imaging,
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Figure 3.7: Cross-sectional sample preparation. A) Schematic of sagittal slices through a motion
segment. B) Cross-section showing a bovine slice excised at the disc. C) Cross-section of ovine
motion segment.
these cross-sections were frozen onto stubs using Optimal Cutting Temperature com-
pound (OCT, AGR1180, Agar Scientific) and frozen at -20 °C. The samples was then cov-
ered in the compound and completely frozen until solid. Sagittaly, they were progres-
sively flattened using a hardened steel knife within a cryo-microtome (Bright Instru-
ments, OTF 5000). In order to remove excess OCT, samples were washed in phosphate
buffer saline (PBS, 0.1M, pH 7.4, Sigma-Aldrich).
3.3.4 Human Tissue
Human samples were collected from spinal surgeries carried out at Peninsula Spine
Unit, Princess Elizabeth Orthopaedic Centre, Royal Devon and Exeter Hospital. Disc
sections were removed from patients during discectomy procedures and frozen imme-
diately at the RD&E tissue bank, Exeter. Samples were acquired by Claudio Vergari from
the tissue bank for another study.[51] Patient gender, age, severity of degeneration and
clinical notes are displayed in Table 3.5.
Mineralised regions of tissue were removed from the discs for use in this project (the
rest of the tissue was utilised by the other study). Samples were therefore non-uniform
and non-region specific. They displayed a white-ish bumpy surface that felt hard, and a
softer underside (Fig. 3.8A). Samples were cut vertically using a razor blade and places
on their side in order to create a cross-section including both the soft and hard tissue.
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Figure 3.8: Degenerative Human sample. A) Image of the top side of a human samples showing
the ‘white-ish’ hard surface. B) A sagittally cut slice of a human sample, showing two imaging
points (noted by vertical black lines) in regions of differing tissue colouring.
Samples were kept hydrated with PBS (0.1M, pH 7.4, Sigma-Aldrich) soaked tissue and
placed in a petri dish for imaging.
Table 3.5: Human Sample Descriptors
Sex Age (yrs) Severity* Clinical Notes
1 Female 66 Moderate Foraminal disc bulge
2 Female 53 High Spondylolisthesis
3 Female 37 High Spondylolytic spondylosistisis
4 Male 54 High Lytic spondylosistisis
5 Male 78 High Widespread degenerative changes
* Severity graded as: moderate or high.
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4.1 Introduction
Structural understanding of the vertebral endplate has developed over the years from
the view that it is a nondescript ’plate’,[20] to a plate which consists of regions of bone
and cartilage.[62] Many studies have been limited to light microscopy[30,93,197,198] and/or
polarised light microscopy,[35,92,198] although more recently some investigation using
electron microscopy has allowed fibril level investigation.[66,81,94,95,198,199] As mentioned
previously (2.3), the structure of the endplate described in the literature is confused by
differing nomenclature, however, it is primarily described as being made up of three
main components, two that are cartilagenous and one that is bone. The two cartilage-
nous regions are the non-mineralised cartilage (non-MC)[61–65] and the mineralised car-
tilage (MC).[60,63,66–69] The cartilage tissues are separated by a tidemark (TM), and the
bony endplate (BEP) is separated from the MC by a cement line (CL).[69–72]
Clinically, the vertebral endplates are poorly understood, not only in their role in im-
plant stability,[200] but also in regards to pathologies. Modic changes are often described
in clinical literature as endplate changes.[75,132,134] However, Modic changes can effect
as much as 75% of the vertebral body, suggesting these are not endplate specific issues.
This disparity in the understanding of the basic structure of the endplate between the
clinical and basic science literature needs to be addressed, and a consensus on the struc-
ture of the endplate attained.
This chapter reports studies that utilised multiphoton microscopy, second harmonic
generation (SHG) and two-photon fluorescence (TPF) to image the microstructure of
the endplate. This was supported by Differential Interface Contrast Microscopy (DIC),
Scanning Electron Microscopy (SEM) as well as spectroscopic methods to investigate
the structure and biochemistry of the endplate.
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4.2 Methods
4.2.1 Multiphoton Cross-sectional Study
Sample Preparation and Imaging protocol
Bovine tail samples were utilised for this section of the study. Samples were prepared by
standard preparation procedures described in Chapter 3.3.1. Samples were then placed
on microscope slides with a cover-slip to reduce the dehydration of the sample and to
allow for easy region of interest (ROI) marking. For this purpose white labels with five
measured lines were attached to the cover slip to indicate the imaging lines (Fig. 4.1). A
10x air objective (Olympus UplanSApo 10x/0.40) was used to image a reference line par-
allel to the edge of the label (blue line in Fig. 4.1). Maps were then taken perpendicular
to the edge of the label at each ROI (green lines in Fig. 4.1). Each image acquired partially
overlapped with the previous image to enable reconstruction of the maps later.
Figure 4.1: Schematic of cross-sectional samples with a white label indicating the 5 marked ROI.
Maps were then taken perpendicular to the edge of the label at each ROI (green lines). Not drawn
to scale.
Decalcification Protocol
Following traditional histological preparation, some samples were fixed and deminer-
alised. Motion segments were cut sagitally into ∼1 cm sections and placed into 4 %
paraformaldehyde solution for 5 - 7 days (PFA Solution, Thermo Scientific, 4 % in PBS
formalin, CAS 30525-89-4). Samples were then decalcified in 10 % formic acid for 7 -
14 days, until soft enough to slice with a scalpel blade. Sample slices were then fixed
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to metal stubs with Optimal Cutting Temperature compound (OCT) and frozen at -
20°C. Progressively more OCT was added to the sample, then frozen until the samples
were covered in the compound and completely frozen. Sagittal sections were then cut,
with a disposable blade (Feather ®, S35, VWR™) to create 20 µm slices using the cryo-
microtome (Bright OTF5000). Every third consecutive slice was saved for imaging. Slices
were stored in phosphate buffered saline (PBS, 0.1M, pH 7.4, Sigma-Aldrich) and frozen
before imaging. For imaging, samples were defrosted and mounted onto microscope
slides. The sample was kept hydrated with PBS, and a cover slip was placed over them
which was held in place by water tension. Due to the use of the cover slip, the 25x water
immersion objective lens could be utilised (Olympus, XYPLN 25x/1.05).
4.2.2 Raman Microscopy
Bovine Sample Preparation and Marking
Cow tails were obtained from a local abattoir and frozen intact at -2°C. Once frozen,
functional units (half vertebra, disc, half vertebra) were cut using an oscillating saw
(Makita TM3000C/2). Thick slices (about 5 mm) were then cut longitudinally, parallel to
the mid-sagittal plane. The slices were frozen in phosphate-buffered solution (PBS), and
the surface was pared using a cryo-microtome (Bright Instruments, OTF 5000) to obtain
the smooth flat surface necessary for measurements and to remove tissue which may
have been damaged by the saw. Samples were then transferred to microscope slides.
PBS was applied to maintain the hydration of the samples between measurements.
In order to compare similar regions of the same sample in multiphoton imaging and
Raman microscopy, areas were marked with white sticky labels. The white label was
marked with a dot, which appeared black under the multiphoton compared to the fluo-
rescence of the label. The same dot was visible under the white light microscope of the
Raman set up (Fig. 4.2). The measurement order was randomised to reduce the effect of
time/dehydration on the results.
Bovine Raman Microscopy Measurements
A Renishaw inVia spectrometer was employed (Renishaw plc, New Mills, Wotton-under-
Edge, Gloucestershire, GL12 8JR), with a near-infrared diode excitation laser at 785 nm.
The system is equipped with reflected white light imaging and generates 300 mW of
power. The laser light is initially focused through the microscope lens (×50 long working
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Figure 4.2: Schematic of cross-sectional samples with a white label indicating A) marking for area
under the annulus B) marking for area under the nucleus. Green lines indicate images maps taken
in the Y direction.
objective) onto the sample on a motorized XYZ stage. The Raman back-scattered light is
collected through the collection optics and focused onto the grating, and Rayleigh light
is rejected. A dispersion grating then splits the beam into its constituent wavelengths
which are directed onto a CCD detector (deep depletion CCD, 1024 × 256 pixels). For
the point measurements recorded in this study, we used a 600 l/cm grating which was
centred at 1300 cm−1 for the fingerprint region (spectral range: 36 – 2327 cm−1) and
2700 cm−1 for the high wavenumber region (spectral range: 1741 – 3497 cm−1). The ex-
posure time was 2 accumulations of 3 seconds and the cosmic ray removal option of the
software (Wire) was applied. External standards (Si, NeAr) were measured in calibra-
tion routines prior to each set of measurements in order to ensure reproducibility and
comparability between the samples.
Spectra were obtained from bone to disc along a line perpendicular to the tidemark in
spatial steps of 50 µm in bone and disc and 10 µm in the endplate region. Single Raman
spectra were plotted using Origin software[201] (OriginLab, Northampton, MA, USA). For
data pre-processing, the spectra were loaded into Matlab R2018b (The Mathworks Inc.,
Natick, Massachussetts, USA) and were subjected to baseline correction using asym-
metric least squares smoothing.[202]
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4.3 Scanning Electron Micrsocopy and Energy Dispersive X-ray
Spectroscopy
4.3.1 Ovine Sample Preparation
Two motion segments were used from ovine lumbar spines, one from a young adult (1-4
years) and one from a mature adult (4 years +). Motion segments were prepared as seen
in 3.3.2 and 4.2.1, then sectioned into four central regions as shown in Fig. 4.3. Prior to
sectioning samples were placed in hexane and agitated for 24 hours on a wobble plate
to remove fat. In order to remove the proteoglycans, samples were placed in an en-
zyme/buffer solution for 3 days (Sodium acetate 0.1 mol, Sodium chloride 0.1 mol, ad-
justed to pH 5 by adding Acetic Acid at 37 °C, containing bovine testicular hyaluronidase
1.25 mg/ml, Sigma Type I-S, 400– 1000 units mg). Samples were kept in an incubator at
37 °C and the solution changed every 12 hours.
Figure 4.3: Caudal view of the motion segment showing the where the four central regions were
cut from. Outer most regions were discarded.
Samples were then washed in PBS and the surface ground using descending grit size
sandpaper to produce a smooth imaging surface. For ease of grinding, samples were
kept as motion segment cross-sections until smooth, then cut through the centre of the
discs, separating the caudal and cranial endplate. This was in order to fit onto the stubs
required for the Scanning Electron Microscopy (SEM). This resulted in a total of 8 sam-
ples of each age (n=16). Prior to critical point drying, samples were dehydrated by ex-
posure to increasing concentrations of ethanol (50 %, 60 %, 75 %, 90 %, 100 %) each for
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30-45 minutes. Critical point drying (CPD) was then carried out to reduce tissue destruc-
tion under the vacuum conditions of the SEM chamber. Samples were then attached to
stubs using carbon tape and sputter coated (Quorum Q150R S) with a double-coating of
platinum under vacuum.
4.3.2 SEM and EDS Protocol
SEM is routinely employed o image nano-scaled structures such as the fibril of the inter-
vertebral disc. SEM uses a focused beam of high-energy electrons to ‘scan’ the surface
of the sample. This reacts with the sample to release energy energy from the surface
in different forms. These forms include secondary electrons (illustrating the topogra-
phy of the surface), backscattered electrons (atomic composition) and x-rays (elemental
composition).[203,204]
Samples were imaged with a Philips XL30S FEG Field Emission Gun SEM under high
vacuum. Images were taken in the backscatter mode in order to visualise mineralisation
as grey scale changes. Gross regional images as well as magnified regions of interest
were obtained at 3-4 locations across the disc; inner and outer anterior, mid-disc and
posterior. Energy dispersive X-ray spectroscopic (EDS) line plots were also run in each
region, measuring the weight percentage of calcium (Ca) and phosphate (P) from the
disc to the bone.
4.4 Differential Interface Contrast (DIC) Optical Microscopy
DIC employs advanced optical principles to enhance the contrast of structural inter-
faces without the need for staining. A key feature is its directional sensitivity, which
makes it ideal for studying anisotropic structures such as the intervertebral disc.[205,206]
Ovine sample preparation followed the same process as 4.3.1 up to and including the
immersion in the enzyme buffer solution. Sample slices were then sagittaly sectioned
with a sledge microtome (Leica SM2000 R) to create 20 µm slices. Every third consecu-
tive slice was used for imaging. Slices were kept hydrated in PBS at <5°C until imaging.
Gross image maps of all samples were taken at low magnification (4x) on a DIC mi-
croscope (Nikon Eclipse 80i DIC). Regions of particular interest were returned to and
viewed with 10x, 20x and 40x objectives.
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4.5 Degenerative Human Samples
4.5.1 Human Sample Preparation
Mineralised regions of disc tissue removed during surgery were stored at - 80 ◦C . Sam-
ples were cut vertically with a razor blade from the ‘mineralised’ to the sorft tissue to cre-
ate a cross-section. This was then secured to a metal stub using OCT, and progressively
covered with the medium and frozen until covered. This was then sliced using dispos-
able blades on the cryo-microtome (Bright Instruments, OTF 5000). For co-registration
of multiple images using the WITech instrument, samples were sectioned to between 20
- 30 µm. These were placed on microscope slides with PBS and a cover slip.
4.5.2 Multiphoton Imaging Protocol
Images were taken with a 10x objective (Olympus UplanSApo 10x/0.40) and a a 25x water
immersion lens (Olympus, XLPLN 25XSVMP2 M25 x 0.75W) on the multiphoton system
described in Chapter 3.
4.5.3 Human Raman Microscopy Measurements
Raman spectra and Raman maps were collected in a backscattered geometry using a
WITec confocal Raman microscope, model Alpha 300R, (WITec Inc, Ulm, Germany),
equipped with a thermoelectrically cooled CCD detector, a Nd:YAG 532 nm excitation
laser and a 20·x 0.4 NA objective (Zeiss, EC EpiPlan), for back-scattered light collection.
The spectrometer grating used was 600 g mm-1, BLZ = 500 nm. Raman spectra were
typically recorded using an exposure time of 1.0 s and 50 accumulations with an average
laser power of between 7 and 10 mW at sample. This was a different system than previ-
ously employed for the bovine samples due to collaboration with a different colleague as
well as the decision to employ a shorter excitation wavelength to yield a stronger Raman
signal.
Analysis was performed using Witec Project 4.0 software and fluorescent background
was removed using the background subtraction ‘shape function’.
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4.6 Image Manipulation
4.6.1 False Colouring of Multiphoton Images
Images acquired with the multiphoton microscope contained both the SHG and TPF
channels in the form of two single channel grey images. In order to view both channels
simultaneously, false colouring was required. This was performed using the FIJI version
of ImageJ (Fiji is just ImageJ (http://fiji.sc/)). In order to maintain the information of the
grey scale image, lookup tables (LUT) were utilised. An LUT is a predefined table of grey
values with matching red, green and blue values so that shadows of grey are displayed as
colorized pixels. This ensures that differences in color in the false coloured image reflect
differences in intensity. The colours green (SHG) and blue (TPF) were selected based on
the use in previous literature examining the tidemark of the metacarpophalangeal joint
using similar methods.[136] In order to view both channels in the same image, a com-
posite image was created. When creating composite images, original LUTs and display
ranges are preserved, ensuring no loss of detail from the original grey scale images. Once
images were scaled appropriately, FIJI also could be used to measure regions of interest.
In some cases, a map of a region was taken using a number of overlapping snapshots.
These images were initially processed in FIJI to add the false colour, then they were built
into a continuous map in GNU Image Manipulation Program (GIMP, 2.8.18).
4.6.2 Directionality
To parametise the change in organisation of the disc collagen fibres, Fourier transform
image analysis techniques available in the Fiji version of ImageJ®were used. A region
of interest was selected and the directionality plugin was applied.[207] This calculated
the weighted sum of the Fourier components at each angle of the Fourier transformed
image. A Gaussian peak was fitted to the histograms of the components as a function
of angle. In addition to primary direction, the visibility (peak height – background)
gives an indication of the degree of organisation, along with the width of the peak. A
indiscernible broad peak indicates a lower order, a highly visible sharp peak indicates a
higher order.
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4.7 Statistics
Statistics were run in SPSS (IBM SPSS Statistics 25). Data were first checked for para-
metricity through homogeneity of variance (using a Levene’s test), for normal distri-
bution and independence. If the data met these assumptions, parametric tests were
utilised, if an assumption was not met, a non-parametric equivalent was utilised.
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4.8 Results
This section first compares the gross structure of the endplates in the bovine tail, ovine
spine and degenerate human samples. Then the tide mark is focused upon in the animal
models, followed by fibre connectivity and the BEP. Penultimately the micro-structure
of the degenerate human samples is compared to the animal models, before results of
biochemical studies are presented.
4.8.1 Gross Endplate Structure
Bovine Tail
Bovine tails were obtained from animals entering the food chain, and thus are <1 year of
age at slaughter. This is evident from the visible growth plate within the vertebral bodies
(Fig. 4.4).
Figure 4.4: Image of sectioned bovine tail motion segment. The approximate annulus, nucleus
and endplate regions are indicated, as well as the growth plate.
Multiphoton microscopy provides an in-depth view of the gross structure of the end-
plate (Fig. 4.5). The trabecular bone and BEP can be visualised and by combining SHG
and TPF the distinction of the mineralised and non-MC is visible. The osteocytes of the
bony region are not obvious, but the lacunae of the chondrocytes give the cartilage re-
gions a distinguishable ‘dimpled’ appearance that also helps differentiate the cartilage
from the disc and bone. Fig. 4.5 was taken from the annular region, hence it shows
aligned fibres. In the inner annular regions the tidemark is clearly visible and its irregu-
lar contours are noteworthy.
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Ovine Lumbar Spine
Figure 4.6: Dissection microscope image of a sectioned ovine lumbar motion segment. The ap-
proximate annulus, nucleus and endplate regions are indicated, as well as the growth plate.
Dissection microscope images of ovine smaples showed growth plates still present de-
spite the spines being > 1 year, however, detail of the endplate was not visible other than
a delineation between the bone and the disc (Fig. 4.6). In multiphoton images of ovine
samples, the tidemark is not always as clear as in the bovine, due to a higher SHG signal
in the mineralised regions indicting a lower level of mineralisation (Fig. 4.7). Osteons
in the bony region are evident, and shows the interdigitisation of the MC with the BEP.
Under the annulus, the SHG from the non-MC is disrupted by the strong signal from the
highly aligned annulus, however, the disorganisation of the nucleus allows for clearer
identification (Fig. 4.7).
Even though samples required demineralisation for DIC microscopy the mineralised tis-
sues, such as the trabecular bone and BEP, are still clearly distinguished from the soft
tissues. As Fig.4.8 shows, the trabecular bone is easily identified by its large trabecu-
lar holes that are filled with round fat calls. The BEP is denser than the trabecular bone,
though still containing some marrow channels. The cement line delineates the BEP from
the MC. The lamella layering of bone is also visible. The bony regions show many small
dark dots which are the lacunae of osteocytes, whereas the cartilage regions show larger
lacunae from chondrocytes.
In Fig. 4.8, the tidemark is not obvious. There is a slight lightening of the image colour,
however, the contrast and magnification does not allow for easy distinction between the
two cartilage types. The image is taken from the nuclear region and a lack of obvious
fibres or integration of the disc to the non-MC is to be noted.
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Figure 4.7: Multiphoton images of the endplate region in 4 year old sheep in two regions A) Inner
annulus B) Nucleus. White arrowheads indicate the tidemark, whilst orange arrow heads indicate
the cement line.
Figure 4.8: DIC image of a 20 µm demineralised section of a mature ovine endplate. Highlighted
are the trabecular bone, BEP, cartilage endplate (the mineralised/non-mineralised distinction is
not visible) and the disc (nucleus).
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4.8.2 Age Differences in the Ovine Endplate
DIC
In the macroscopic view, differences between maturity (young adult 1-4 years, mature
4 years +) are obvious in the BEP. Fig. 4.9 shows that in the young adult ovine spine,
this region is populated largely by osteons, punctuated with vessels. This region is dis-
tinct from the large trabecular spaces filled with fatty marrow tissue (dark circles) as it is
denser and lacking in trabeculae. The osteons additionally form an undulating cement
line that distinguished the BEP from the MC.
Conversely, in the mature adult, the presence of osteons is markedly lower, and the exis-
tence of small trabecular like holes containing fat cells are more prolific (Fig. 4.10). The
distinction between the trabecular bone and BEP is less clear and it appears as though
the trabecular bone has extended, getting progressively more dense. Similarly, the ce-
ment line between the bone and cartilage is harder to distinguish in the mature animal,
although it is slightly more visible in the annular region. The annular and nuclear BEP
show a similar thickness in the mature samples, though the small trabecular holes of the
endplate appear slightly larger under the annulus (Fig. 4.10).
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SEM and EDS
Scanning electron microscopy is able to show both the tidemark and cement line as
shown in Fig. 4.11. However, due to the charging of the sample, which appears as areas
of white intensity, they are not always clear (charging occurs when there is no conduct-
ing path for electrons to flow, if the electrons remain on the sample, it will repel elec-
trons from the incoming beam). The SEM images allow a qualitative assessment at the
differences between young adult and mature adult endplates. As shown in Fig. 4.11,
within the mature adult, the cranial region of MC appears much thicker than the cau-
dal region, with a higher cellular density (dark dots indicate lacunae of chondrocytes).
Conversely the caudal endplate appears to have a higher cellular density post-TM in the
non-MC region, as well as having a greater distance between the TM and the closest
marrow channel. The young adult displays an opposite trend with the MC of the caudal
endplate appearing slightly thicker. Compared to the mature, both the TM and CL were
much harder to distinguish on the young adult, and it is interesting to note that there are
no marrow channels present in the young adult images (at this magnification and ROI),
indicating a thicker layer of dense bone between the CL and marrow than in the mature
adult endplates.
Quantitatively, Energy dispersive x-ray spectroscopy (EDS) can compare the minerali-
sation of the regions by analysing the Calcium to Phosphate ratio (Ca/P ratio). Mea-
surements at three regions, two in the annulus (Anterior-AF and Posterior-AF) and one
centrally in the mid-nucleus (Mid-NP), were compared between the mature and young
adult. Fig. 4.12 illustrates that the young adult had a higher Ca/P ratio than the mature
adult, t(498) = -7.8, p = < 0.001. There is a significant effect of location on the Ca/P ratio,
F(2,497) = 35.8, p < 0.001. As homogeneity of variance could not be assumed, Games-
Howell post-hoc test was used and showed significant difference between mid and an-
terior (p < 0.001), mid and posterior (p < 0.001), but no difference between posterior and
anterior (p = 0.980).
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Figure 4.12: Calcium to phosphate (Ca/P) ratio as calculated from EDS spectral analysis at the
anterior annulus fibrosus (AF), mid/nucleus pulposus (NP) region, and the posterior AF. The Ca/P
ratio was shown to be significantly higher different between the anterior and mid, and posterior
and mid. * p < 0.001.
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4.8.3 The Tidemark in Ovine and Bovine Endplates
The tidemark delineates the mineralised from the non-MC within the endplate. Using
DIC microscopy, the tidemark appears as a dark line (Fig. 4.13). Multiple tidemarks
have been imaged in the annular regions of ovine sections (indicated by the bracket in
Fig. 4.13), however, as Fig. 4.14 shows, even at high magnification little detail is revealed,
making the quantification of this phenomenon difficult. However, as seen in 4.8.1 mul-
tiphoton microscopy can differentiate between the two cartilage types. Fig. 4.15 shows
that the tidemark is clearly defined, mainly by a change in intensity of the SHG and TPF
signals. This was demonstrated further in Fig. 4.16 where it was shown that the TPF
intensity is higher in the MC, and lower in the non-mineralised, though the source of
the TPF in the mineralised tissue is still unknown.[142] Conversely, the SHG showed an
opposite relationship, with a higher intensity in the non-MC. Both SHG and TPF showed
a steep drop and recovery of signal at the tidemark, this was evident in both the image
(B) and the intensity profiles (C) of Fig. 4.16.
Figure 4.13: DIC image of mature ovine annulus section. Filled arrow heads indicate the most
prominent tidemark (TM). Orange brackets indicate multiple tidemarks with the furthest indi-
cated with an unfilled arrow head. Orange arrow indicates an osteon at the edge of the BEP.
Using this identification of the two regions, their thickness in ovine samples was mea-
sured. Samples were measured in the mid to inner annulus regions, as the deliniation
of the tidemark was clearest. Measurements were taken from the tidemark to the ce-
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Figure 4.14: DIC images of mature ovine annulus section. A and B) Increasing magnifications of
the TM (indicated with filled arrows) taken with DIC microscopy.
Figure 4.15: Multiphoton images of bovine tail endplate, annulus. A and B) Composite SHG
(green) and TPF (blue) images of the tidemark (TM) at two regions of the endplate. A) Outer an-
nulus B) Inner annulus. TM indicated with a filled arrowhead.
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Figure 4.16:Decrease in signal intensity at the tidemark. A) Composite TPF (blue) and SHG (green)
multiphoton image of the tidemark. Yellow box indicates ROI used to analyse intensity change
across the tidemark (TM). B) Separated TPF and SHG images taken from (A), rotated 90 °right
with yellow boxes indicating the ROI used to plot intensity profiles across the TM. C) Plot profile
of the intensities of TPF (blue) and SHG (green) across the tidemark. Note that TPF has a higher
intensity prior to the tidemark, and SHG post-tidemark.
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ment line in FIJI. There was a significant effect of endplate location (caudal/cranial) on
the endplate thickness after controlling for CEP region (MC/non-MC) with an ANCOVA,
F(2,91) = 7.42, p = 0.008. Additionally, CEP region also affected the thickness when con-
trolling for endplate location, F(2,91) = 8.20, p = 0.005.
Figure 4.17: Thickness of the MC, and non-MC at endplate of the mid to inner annulus of ovine
lumbar endplates. Tissue thickness was significantly effected by both endplate location (p = 0.008)
and CEP region (p = 0.005).
4.8.4 Fibre Connectivity Between the Disc and Endplate
As previously discussed (chapter 2.3.2), it is presumed that the endplate provides me-
chanical coupling between the disc and vertebra, an important aspect of this is provid-
ing anchorage for the fibrous protein of the disc. In this section we discuss the organi-
sation of the collagen and elastin in the endplate.
The annulus fibrosus is easy to image as it gives a strong SHG signal as shown in Fig.
4.18. It is more difficult to visualise the disc fibres and non-MC as the former passes into
the latter and they have similar SHG intensities. As Fig. 4.19 demonstrates, the contrast
between the annulus and MC is much easier to see.
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Figure 4.18: Composite SHG (green) and TPF (blue) multiphoton image of the ovine annulus in-
tegration into the MC at low magnification.
Sub-Bundling
Fig. 4.19 A shows the annular fibres anchoring into the MC, though some of the fibres
continue within this mineralised region (highlighted with a white *) suggesting a deeper
connection of the tissue. Fig. 4.19 B confirms this continuation of the fibres through
the MC, and reinforces the suggestion of primary annular bundles (PAB) splitting into
smaller bundles (sub-bundles, SB).[34,94] This is reinforced further with Fig. 4.20 which
shows sub-bundles of disc fibres extending from the edge of the PAB and interlacing
with the surrounding matrix. In some regions however, the fibres appear to stop fairly
abruptly at the cement line which they approach in a perpendicular direction (Fig. 4.21).
This suggests a sudden end with little anchorage at the bone.
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Figure 4.19: Multiphoton image of the annulus, MC and bone. Composite SHG (green) and TPF
(blue) multiphoton image of ovine tissue showing A) Insertion of annulus fibres into the MC with
fibre continuation highlighted with an (*). B) Evidence of primary annulus bundles (PAB) splitting
into sub-bundles (SB) as they insert into the MC.
Figure 4.20: Multiphoton images of calcified ovine section showing anchoring of fibres below the
annulus. A) Composite SHG (green) and TPF (blue) image B and C) SHG images magnifying the
sub-bundling of the primary annular bundle.
Figure 4.21: Multiphoton images of decalcified ovine section showing anchoring of fibres below
the annulus. A) SHG image. B) TPF image. C) Composite SHG (green) and TPF (blue) image.
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Fibre Integration
Fourier transform analysis was used to measure the predominant collagen fibre angle
and degree of order of specific regions using FIJI (see methods 4.6.2). Fig. 4.22 shows
the progressive interaction of annular disc fibres with the cartilage endplate. Regions of
disc (ROI 4), disc and cartilage integration (ROI 2,3 and 6), and cartilage (ROI 1 and 5)
were measured. At this magnification, the disc is highly ordered (black line), but as the
fibres insert into the cartilage they loose a predominant angle, and become less ordered
(aqua and purple lines). In the cartilage regions the fibres show no predominant angle
at this magnification (red and green line).
At a higher magnification, Fig. 4.23 shows a representative Fourier transform in which
the disc still appears to have the highest order, and shows an alignment from 30-80 °. The
decrease in order from disc to endplate was a trend seen among all samples analysed.
ROI 1 and 2 show low order with no clear angle preference (range between 24 and 96 °).
They appear rather similar, however, ROI 3 does have a slightly higher peak, suggesting
a slightly increased order of tissue.
Figure 4.22: Fourier transform of five regions of interest. A) SHG image of disc fibre integration
with cartilage matrix in the ovine endplate. Six regions of interest with differing fibre organisations
highlighted with yellow boxes and numbered. B) Histograms of directionality from SHG image (A)
of six regions of interest. The values on the y axis are normalised so that the average value of the
Fourier components is equal to 1.
Comparing the fibre alignment above the cement line (ROI 1) and below the cement
line (ROI 2), Fig. 4.24 demonstrates that both regions are relatively organised, however,
it was not possible to obtain a signal from the central region of the image, as the SHG was
not bright enough, suggesting that these fibres are perpendicular to the imaging plane.
66 CHAPTER 4. ENDPLATE STRUCTURAL STUDY
4.8. Results
Figure 4.23: Fourier transform of three regions of interest. A) Zoomed SHG view of the ovine disc
fibre integration with cartilage matrix. Three regions of interest with differing fibre organisations
highlighted with yellow boxes and numbered. B) Histograms of directionality from SHG image (A)
of three regions of interest. The values on the y axis are normalised so that the average value of the
Fourier components is equal to 1.
This should be further investigated with polarisation sensitive SHG, as the transition
from type II collagen in the disc to type I in the bone is of interest. The integration
with the bone, is visualised in Fig. 4.25. The fibres extending from the bottom left cross
the cement line and show integration with the fibres forming the round shape of the
osteon.
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Figure 4.24: Fourier transform of two regions of interest. A) SHG image of the ovine cement line.
Two regions of interest, one post and one prior the cement line. ROI highlighted with yellow boxes
and numbered. B) Histograms of directionality from SHG image (A) of two regions of interest. The
values on the y axis are normalised so that the average value of the Fourier components is equal to
1.
Figure4.25: SHG image of disc fibre integration (white arrows) with osteonal fibres (orange arrow).
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Elastin in the Endplate
Elastin was visualised in the cartilage regions of the endplate. Fig. 4.26 shows a number
of instances where elastin like fibres were present (indicated by green arrows). These
fibres are evident in the TPF images but not the SHG images and therefore cannot be
collagen fibres. They appear as thin, bright TPF lines and were most commonly seen
in images of the cartilage/TM regions, however, were not imaged frequently enough to
quantify their abundance. Fig. 4.27 also shows elastin fibres (green arrowheads), how-
ever, this time in the nucleus, in contrast to the cartilage endplate these appear much
shorter, less aligned and less uniform. Considering the collagen fibres of nucleus form a
loose network compared to that of the highly aligned and organised annulus, the elastin
fibres following a similar pattern corresponds. This also raises the question of the role
of the elastin fibres in the mechanics of the disc and endplate, or whether the endplate
merely tethers the disc network.
The diameter of these fibres is difficult to measure, however, taking an intensity profile
across a fibre can distinguish it from the background and give an estimation of the size.
Fig. 4.28 shows the intensity profile across an elastin fibre in the non-MC, and in the
nuclues of the IVD. The peak of the intensity profile indicates the elastin fibre, however,
the high background signal makes defining the exact size difficult. Fig. 4.28 A suggests
a thickness size of 0.6 - 1.2 µm depending on which points are included either side the
peak. Similarly Fig. 4.28 B, suggests between 1.2 - 1.8 µm. This is consistent with the
diameter of single fibres in disc and cartilage.
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Figure 4.26: TPF images of Elastin fibres at the tidemark. A, B and C) TPF images that show ev-
idence of elastin fibres (indicated by green arrowheads). C) Displays two regions of interest indi-
cated by yellow boxes and magnified views of these regions.
70 CHAPTER 4. ENDPLATE STRUCTURAL STUDY
4.8. Results
Figure 4.27: Visibility of short elastin fibres in the nucleus with TPF. Blue arrows indicate autoflu-
orescence from cells, green arrow heads indicate some elastin fibres.
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Figure 4.28: Elastin fibre thickness. A) TPF image of an elastin fibre from the non-MC region with
ROI in yellow. Intensity of the line plot indicates a thickness of 0.6 - 1.2 µm. B) TPF image of an
elastin fibre from the IVD nucleus with ROI in yellow. Intensity of the line plot indicates a thickness
of 1.2 - 1.8 µm.
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4.8.5 Bovine Biochemical Composition
Characteristic Raman spectra of the bovine bone, endplate (cartilage endplate) and disc
are shown in Fig. 4.29, all spectra have common bands due to collagen and proteogly-
cans. The bone is notably different from the other two regions, especially due to the
intense phosphate peaks, whilst the disc and endplate have similar peaks and related
intensities.
A list of the bands observed in the average spectra of Fig. 4.29, together with their as-
signments to vibrational modes are shown in Table. 4.1. The assignments have been
derived from literature on cartilage and bone as no studies currently exist on the end-
plate region. Bands such as amide III at 1245 and 1270 cm−1 are peaks which can be
de-convoluted from the broad amide III peak and are characteristic of the triple helix of
collagen.
Figure 4.29: Example Raman spectra, characteristic of bovine bone, endplate (cartilage) and disc
(annulus). Intensities of the endplate and disc (annulus) have been normalized to the phenylala-
nine band (1003 cm−1). The spectral offset has been adjusted for clarity. Peak attributions can be
seen in Table. 4.1.
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Table 4.1: Raman shifts (cm−1) and assignments of the bands observed in a characteristic Raman
spectrum of bovine endplate[201,208–211](the assignments were derived from cartilage and joint tis-
sues research papers as there are currently none specifically for endplate).
Raman shift (cm−1) Assignment
813 C-C of polypeptide collagen backbone
854 (C-C) stretch of proline ring
873 (C-C) stretch of hydroxyproline ring
919 (C-C) stretch of proline ring
938
(C—C) deformation, aggrecan/ (C—O—C) stretch, GAG/
collagen, ν C-C (protein backbone proline)
1003 phenylalanine (C—C) symmetric ring stretch
1033 phenylalanine (C—C) symmetric ring stretch
1061 SO-3 symmetric stretch; GAG
1172 ω CH2 proline
1205
(C—C6H5) stretch; phenyalanine, tryptophan,
hydroxyproline, tyrosine
1245 (C-N) amide III
1270 (C—N) stretch alpha-helix; amide III
1318 (CH3, CH2) proline,
1340 glycosaminoglycans, δ C-H (CH2)
1426 glycosaminoglycans, vs COO-
1450 (C—H) bend; protein CH2,CH3 scissor
1553 ν C=C aromatic ring (Trp, Tyr)
1667 ν (C=C) and (C = O) stretch alpha-helix; Amide I
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Spectral Ratios
In order to compare the spectral bands between the endplate regions under annulus
and nucleus, it was necessary to quantify the height of the specific spectral bands. More
specifically, spectral ratios were employed in order to compare normalized values as
in previous studies.[212] This is essential as the absolute values of spectral bands can
be affected by scattering cross-section, sampling volume, orientation, absorption and
instrument settings in each measurement.[213]
Figure 4.30: Mineral to Matrix Ratio [959 cm−1/(855 cm−1 + 877 cm−1 + 922 cm−1)] of 8 bovine
samples as a function of the sample depth in the transition from BEP to the annulus (green/yellow
plots) and the nucleus (blue/pink plots). Error bars show standard deviation.
The following ratios were investigated:
• Mineral to Matrix Ratio (MMR) [959 cm−1/(855 cm−1 + 877 cm−1 + 922 cm−1)] de-
scribes the mineral aspect of the bone composition (Fig. 4.30). The primary phos-
phate vibration (v1) at 959 cm−1 is normalized to the amount of collagen matrix
(855 cm−1 (proline), 877 cm−1 (hydroxyproline) and 922 cm−1 (proline) of col-
lagen), with the collagen peaks employed to be independent of collagen cross-
linking modifications.[212,214–216]
Table. 4.2 demonstrates a higher MMR under the nucleus than the annulus in
the BEP. Fig. 4.30 shows a steep decline from the MC that continues through the
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Figure 4.31: Carbonate to Amide I ratio [1074 cm−1/ 1665 cm−1] of 8 bovine samples as a function
of the sample depth in the transition from BEP to the annulus (green/yellow plots) and the nucleus
(blue/pink plots). Error bars show standard deviation.
non-mineralised, but remains marginally higher under the nucleus. There is no
mineral present in the non-MC or disc which makes the MMR not applicable to
this region.
• Carbonate to Amide I ratio [1074 cm−1/ 1665 cm−1] is another measure of mineral
bone component over organic matrix which may indicate bone remodelling.[212,217]
Table. 4.2 shows carbonate to amide I ratio is higher under the nucleus, however,
starts to drop before reaching the MC. Decrease continues in the MC (Fig. 4.31),
but is not as steep a drop as seen in MMR (Fig. 4.30). Again, because of the lack of
mineral in the IVD and non-MC this ratio does not apply to these regions.
• Carbonate to Phosphate Ratio (CPR) [1074 cm−1/ 959 cm−1] describes the content
of carbonate over the phosphate ions in the molecule of bioapatite in bone. As
CPR is an indication of ionic substitution into the phosphate positions within the
apatite lattice,[212] it is also related to the architecture of bone and the mineral
crystallinity.[218] The measure of CPR should be disregarded in relation to the IVD
and non-MC as the carbonate and chondroitin sulphate peaks are too close to
differentiate here. The higher the CPR, the more carbonate present in the tissue.
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The CPR is very similar under the annulus and nucleus in the bone and MC. In the
non-MC it is shown to be slightly higher under the annulus (Fig. 4.32).
• Phosphate to Amide I ratio [959 cm−1/ 1665 cm−1] is another indicator of the mineral
content in the bone, normalized to the matrix content.[216] The higher the phos-
phate to amide 1 ratio, the more phosphate present in the tissue, indicates a higher
level of mineralisation.
The ratio is higher under the nucleus than the annulus in the BEP and MC (Fig.
4.33, Table 4.2). The lack of mineral in the non-MC and IVD explains the low ratio
under both the annulus and nucleus.
• Water content [30 cm−1] normalized to the CH spectral band [2853 cm−1/ 2945 cm−1]
indicates the hydration of the sample. Water content is higher under the nucleus
in the BEP, however, the standard deviations indicate great sample variability. The
annulus shows much lower water content, but has very small standard deviations
in the BEP. The results in the non-MC show a slight rise in the water content,but
again with very high variation between the samples.
Figure 4.32: Carbonate to Phosphate Ratio (CPR) [1074 cm−1/ 959 cm−1] of 8 bovine samples as a
function of the sample depth in the transition from BEP to the annulus (green/yellow plots) and
the nucleus (blue/pink plots). Error bars show standard deviation.
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Figure 4.33: Phosphate to Amide I ratio [959 cm−1/ 1665 cm−1] of 8 bovine samples as a function
of the sample depth in the transition from BEP to the annulus (green/yellow plots) and the nucleus
(blue/pink plots). Error bars show standard deviation.
Figure 4.34:Water content normalised to the CH spectral band [2853 cm−1/ 2945 cm−1] of 8 bovine
samples as a function of the sample depth in the transition from BEP to the annulus (green/yellow
plots) and the nucleus (blue/pink plots). Error bars show standard deviation.
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Table 4.2: Average peak height ratio values for bone endplate (Bony EP), MC (MC), non-MC (non-MC) and intervertebral disc (IVD) under the nucleus
and under the annulus. (grey values are calculated on overlapping bands so might not be as accurate)
Peak Ratio
Bony EP MC Non-MC IVD
Nucleus Annulus Nucleus Annulus Nucleus Annulus Nucleus Annulus
MMR 5.71 5.1 3.15 2.35 N/A N/A N/A N/A
Normalised CS N/A N/A 1.16 1.07 0.71 0.67 1.05 0.89
Carbonate to Amide I 2.66 2.21 1.2 1.05 N/A N/A N/A N/A
Phosphate to Amide I 15.97 13.97 7.33 6.44 N/A N/A N/A NA
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4.8.6 Degenerate Human Tissue
The human samples utilised in this study were excised during surgery to replace de-
generate intervertebral discs. The human samples showed wide variability at both the
macro and micro level making generalisation difficult. Although the sample sites were
not classified by the surgeon, they were classified post-hoc as annulus or nucleus de-
pending on the collagen orientation in the soft tissue.
Fig 4.35 shows a representative image of a 20 µm slice of a human sample with a dis-
section microscope. Because these samples were also used for bio-chemical analysis,
they were not fixed and tended to roll in on themselves as thin sections, causing arte-
facts (Fig. 4.35 A). It was not possible to distinguish the different regions of the endplate,
even to ascertain whether there was any MC or BEP at all. Some contrast in the images
seemed to indicate a tidemark and cement line, but this could also be due to the sample
topography (Fig. 4.35 B).
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Figure 4.35: Low resolution dissection microscope images of a Human specimen (Female, 53 years
with high levels of degeneration). A) shows the whole sample. Orange arrows indicate where the
section has folded in on itself creating artefacts in the image. B) Focused on the top edge of the
sample shows a cartilage region, whether it is mineralised or non-mineralised is not known(*).
However, a possible tidemark is indicated with a white arrow head, and cement line with an or-
ange arrow head.
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Multiphoton images of the human samples also showed no clear tidemark. The speci-
men in Fig. 4.36 does show a slight decrease of TPF and increase of SHG moving from the
disc upwards, however, there is no clear delineation. Additionally, the disc, especially in
the mid-left of the image shows a high TPF signal, suggesting that the soft tissues are also
giving high TPF signal. This may arise from the formation of fluorescent cross-links in
the collagen or other processes associated with aging and warrants further investigation.
The high TPF signal was seen across the human samples, however, their structure dif-
fered. Fig. 4.37 doesn’t show an obvious tidemark, however, there is an obvious change
in fibre direction as indicated by the white arrows.
Figure 4.36: Multiphoton image of the same sample as shown in Fig. 4.35, orientation is the same
with the cartilage at the top of the image, and the disc below. SHG = green, TPF = blue.
Fig. 4.38 A, shows the higher auto fluorescence was seen within the human tissue. Ad-
ditionally cells are more clearly outlined and there appears to be a separation of some
mineralised tissue from the non-mineralised. The delineation of the endplate from the
disc is also much more uniform compared to the bovine. In Fig. 4.38 B, the samples
show a highly aligned region of cartilage under the disc which is not apparent in bovine
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Figure 4.37: Multiphoton image of another human sample (Male, 54 with high levels of degener-
ation). The right hand side of the image shows a cartilage region (* unknown if mineralised, or
non-mineralised), and the IVD to the left. White arrows indicate the predominant tissue direction.
SHG = green, TPF = blue.
samples. It additionally appears that the fibres of the disc curve, and change direction to
join the cartilage, which was not seen in the bovine. There is no visible TM in the human
sample, though it is obvious in the bovine (Fig. 4.38 C).
The nuclear region, again shows the cells are much clearer in the human than bovine.
The dark parallel lines on the cartilage of the human samples are artefacts from the cut-
ting process and do not pertain to the structural study of the endplate (Fig. 4.39 A).
Fig. 4.39 B, shows there is little to no SHG signal beyond the aligned cartilage region.
This is very different to the bovine where we see an increase in the SHG signal from the
collagenous disc fibres. The TPF signal past the cartilage indicated that there is tissue
present, just not that which produces a SHG signal. Additionally, the closer to the disc,
the lower the intensity of the SHG signal. This is the opposite to the bovine in which we
see the clear jump at the tidemark junction between the mineralised and non-MC. This
may be indicative of degenerative structural changes in the collagen that weakened the
SHG, as when viewed under polarised light (no images collected) collagen still appeared
present.
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Figure 4.38: Comparison of multiphoton images of annular region of endplate in human (Male,
54 with high levels of degeneration) and bovine. A) TPF signal only. B) SHG Signal only. C) TPF
(blue) and SHG (green) composite.
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Figure 4.39:Comparison of multiphoton images of nuclear region of endplate in human ( Female,
37 with high levels of degeneration) and bovine. A) TPF signal only. B) SHG Signal only. C) TPF
(blue) and SHG (green) composite.
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Human Raman Microscopy
Spectra of the degenerate human samples showed small amounts of phosphate at the
very edge of the sample. Characteristic spectra were taken from three regions, these are
shown in Fig. 4.40 as dark, transition and light. The dark region in the white light image
indicates an intense phosphate peak compared to the other two, though they all have
spectra in common due to proteoglycans and collagen (Fig. 4.41).
Figure 4.40: White Light image of human sample indicating the three regions of interest, dark,
transition and light.
Comparing the degenerate human and bovine tissues (Fig. 4.41), the dark region of the
human (green line) is more similar to the MC of the bovine (red) than the bone (green).
The human light region also appears similar to the disc in the bovine, with similar peaks
being displayed. This suggests that the human sample contains a thin layer of MC, and
the amount of phosphate progressively drops as it transitions to disc tissue.
Raman intensity maps for peaks of interest are shown in Fig. 4.42. The phosphate ap-
pears to be in small clusters, and the intensity of these clusters reduce the further into
the non-MC (Fig. 4.42 A). The phosphate clusters almost correlate to the dark regions in
the amide III map (Fig. 4.42 B), however, further analysis would be required to confirm
this.
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Figure 4.41:Comparison of degenerate human and bovine spectra. A) Example point spectra from
each of the three regions shown in Fig. 4.40. B) Representative bovine spectra of the BEP, MC and
disc. The spectral offset has been adjusted for clarity. Peak attributions can be seen earlier in Table
4.1.
Figure 4.42: Phosphate and amide III intensity maps of the region indicated with the red line in
Fig. 4.40 at higher magnification (10 x 60 µm). A) Intensity map of phosphate [959 cm−1]. B)
Intensity peak of amide III [1215 cm−1 - 1300 cm−1].
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4.9 Discussion
This study distinguished three regions of the endplate:
1. The Bony Endplate - a dense region of bone between the trabeculae of the verte-
brae and the cartilage regions of the endplate.
2. Mineralised Cartilage - separated from the BEP by a cement line, this region is as
its name indicates, is formed of a MC
3. Non-Mineralised Cartilage - separated from the MC with a tide mark, this region
contains little to no mineral and its fibres align parallel to the tidemark.
First the general structure is discussed followed by focus on each specific zone.
4.10 Endplate Structure of the Bovine and Ovine Models
Sheep lumbar spines and cows tails have distinct growth plates and the endplate follows
the contours of the growth region, resulting in a flat and convex endplate respectively
(Fig. 4.4 and 4.8.1). This study did not have access to any intact human spinal units,
however, the literature indicates the human endplate is usually concave, sitting within
the apophysis ring.[192] Although it should be noted that the ratio of height at the centre
of the vertebral body compared to the posterior changes with aging, degeneration or
disease.[219,220]
Another difference between the animals was the visibility of the tidemark. Bovine sam-
ples showed the most clear distinction between mineralised and non-MC (Fig. 4.5).
Ovine samples also showed the tidemark, however, they displayed a higher SHG signal
in both the disc and MC, making a clear distinction more difficult. Therefore the bovine
tail was utilised to analyse the tidemark, whereas the high SHG signal of the ovine made
analysis of the soft tissues easier and was therefore used predominantly when relating to
the disc and its anchorage to the vertebrae. The amount of SHG signal produced is de-
pendent on the orientation and polarisation of the incident laser light with respect to the
fibre axis. Maximum SHG signal is detected when the light is polarised along the fibre
axis.[149,150,152] Therefore the difference in signal between the ovine and bovine samples
may indicate variation is fibre axis, causing a change in the SHG. Further investigation
using polarisation dependence SHG such as utilised by Yasui et al.,[150] is imperative in
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understanding the differences between these two models, and how it relates to the end-
plate structure and function.
4.11 Age Differences
4.11.1 DIC
Within the adult ovine spine samples age played a role in the observed structure. DIC
optical microscopy showed an abundance of osteons in the young adult spine (1-4 years,
Fig. 4.10) that were not present in the mature adult spines (4+ years, Fig. 4.9), yet did
show a number of larger trabecular like holes. The young adult spines were all above 1
year meaning they had all reached maturation. Similar findings have been shown with
aging in the illiac crest, femur and tibia.[221–223] The ‘trabecularisation of the endocorti-
cal surface’ due to increased remodelling sees an increase in the porosity of cortical bone
and a reduction of osteons, which contain the bones’ blood supply.[224,225] An increase
in remodelling would explain the reported increase in porosity of the endplate with age,
and the decrease in trabecular thickness.[99] The decrease in osteons containing blood
vessels within the haversian canals, may also relate to the reduction of blood supply to
the disc with age.[30,120]
4.11.2 SEM and EDS Imaging
In agreement with the preceding discussion, SEM images suggest an increase in the
porosity of the endplate with age through the occurrence of more marrow channels, and
fewer osteons in the mature adult spine (Fig. 4.11). Although the tidemark and cement
line were visible in some images, they were not always obvious, making the quantifi-
cation of these observations difficult. However, EDS allowed the calculation of the Ca/P
ratio. Due to the homogeneity of samples, it was difficult to compare different regions of
the endplate in the Ca/P ratio, however, the young adult samples showed a statistically
higher Ca/P ratio in all three regions measured (anterior-AF, mid-NP and posterior-AF,
Fig. 4.12). However, this result should be considered with caution, as the Ca/P ratio of
bone is estimated to be 1.6 due to the ratio of calcium to phosphate in predominant
mineral hydroxyapatite (Ca5(PO4)3(OH)). None of the averages measured in this study
were much higher than 1. The levels recorded are much more akin to mono-calcium
phosphate (0.5) and di-calcium phosphate (1.0).[226] Lower levels of Ca/P have been as-
sociated with bone loss,[227] however, such low levels would not be expected in healthy
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animal samples. More likely, the method of sample preparation limited this study. In
order to use the samples for DIC after using them for SEM (could not be done before as
demineralisation is required for DIC), samples were not embedded, limiting the amount
of polishing possible. Backscatter SEM and EDS require highly flat surfaces for the best
results, which by looking at the SEM images in Fig. 4.11 is obvious was not the case
with the samples in this study. Another possibility is that the presence of fat, marrow
and collagen may have obscured the experimental measurements.[228,229] Samples were
subjected to a hexane wash and hyaluronidase treatment to remove the fat and other
components, however, possibly due to the thickness of the samples, the fat cells were
still obvious in the marrow channels. This may have increased the charging. If these
difficulties can be overcome, it would be interesting in future work to be able relate the
changes in mineral with the changes observed in the porosity of the endplate, as these
both would effect the mechanical function of this region.
4.12 The Cartilage Endplate
4.12.1 The Tidemark
The tidemark was most clearly visualised by a change in SHG to TPF ratio detected with
the multiphoton system (Fig. 4.16). Research by Mansfield et al., was able to identify
the tide mark of articular cartilage using similar imaging techniques.[136] In agreement
with this study, Mansfield also showed a similar drop in intensity of both SHG and TPF,
as well as the change in SHG/TPF ratio, with TPF being higher below the tidemark, and
SHG higher above.[142]
The source of a higher intensity of TPF in the MC still remains unknown. Previous
work has tested pure hydroxylapaptite for a TPF signal, however, it was not found to
fluoresce.[142] Suggested explanations for the increased fluorescence below the tidemark
include the presence of an additional fluorophore in the MC, which is not present in
the non-MC. Another explanation is that the same fluorophores are present in both the
mineralised and non-MC, however, the concentration is greater in the MC. More work
is needed to determine the reason for increased fluorescence within the MC.
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4.12.2 Elastin
One contributor to the TPF signal is elastin. The elastin fibres in Fig. 4.26 and 4.27
were identified as they were visible in the TPF, but not SHG meaning they could not be
collagen.[230] Additionally, they had a similar appearance to elastin fibres shown in the
cartilage endplate and intervertebral disc with immunostaining[50] and articular carti-
lage with TPF.[142,230] The majority of the fibres within the cartilage endplate appear
to be relatively short (although this could have been due to them continuing out of
the imaging plane), straight and aligned perpendicular to the tide mark, parallel to the
collagen fibres (Fig. 4.26. This agrees with the previous immunostaining of the end-
plate, however, the abundance of elastin in this study appears much lower than pre-
viously reported.[50] This is most likely due to the background fluorescence of the ma-
trix. Thicker fibres appear brighter and stand out against the background, these have
been shown to measure between 0.6 - 1.2 µm, which is similar to that seen in articu-
lar cartilage.[142,230] One study reported fibres appearing to have single pixel diameter
and below a certain size the fibres probably will not be visible against the background
fluorescence of the extra-cellular matrix.[142,230]
Compared to the elastin in the cartilage endplate, the fibres seen in the nucleus appear
much shorter, less aligned, and often curved. This suggests that unlike in the cartilage,
these fibres are not under tension. Elastin was only visualised in the bovine tail, but the
greater TPF background in the human could have been restricting the visibility of these
small fibres. The coexistence of collagen and elastin fibres networks influence the me-
chanical properties of a tissue.[231] Therefore, the role of the elastin network within the
endplate is paramount to understanding the biomechanical environment of the disc,
and spinal functional unit. In order to investigate elastin further, it may be worth using
an elastin specific stain such as Van-Gieson or Picrosirius Red that will increase the TPF
signal intensity higher than that of the background.[232]
4.12.3 Cartilage Endplate Geometry
The distinction of the tidemark and cement line within bovine tail samples allowed the
measurement of the thickness of the MC at the inner annulus. However, the lack of dis-
tinction between the disc and non-MC made the measurement of the non-MC more
difficult. Both cartilage types were thicker in the cranial endplates compared to the cau-
dal at the inner annulus, though the change in thickness was not measured across the
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endplate. Surprisingly little work has previously been done on the thickness of the in-
dividual cartilage regions. Nosikova et al., showed a thinning of the MC with age (22
v 45 year old human), however, their method of backscatter mode SEM did not allow
the measurement of the thickness of the non-mineralised region, nor did they com-
pare the caudal and cranial endplates.[198] Van der Houwen et al., however, did compare
the caudal to cranial and found a similar pattern of the cranial endplates being thicker
(note in their paper, labelled the endplate inferior and superior in relation to the ver-
tebrae, rather than disc).[195] They did not differentiate which regions of the endplate
they were measuring, however, their measurements of thickness are close to those of
the combined mineralised and non-MC regions in this study (cranial∼ 1000 µm, caudal
∼ 700 µm). The reason for the asymmetry between adjacent endplates is currently un-
explained, as functionally the endplates have the same mechanical requirements which
suggests this may be a result of differing development, though this is unsubstantiated at
this time. Research has indicated that fracture occurrence is disproportionate between
endplates, with the caudal plates showing higher incidences.[233] However, this is most
likely a result of the thinner endplate rather than an explanation for the morphological
differences.
4.13 Fibre Anchoring
SHG enabled the visualisation of the collagen fibres anchoring the annulus to the end-
plate. Due to the high SHG signal coming from both the disc and non-MC, it was hard to
visualise the fibres continuing through to the MC (Fig. 4.18), however, distinct annular
bundles were seen inserting into the MC, meaning they had to pass through the non-
MC (Fig. 4.19). At initial insertion of the annular bundles into the MC, they are seen to
split from the primary annular bundle (PAB) into sub-bundles (Fig. 4.19 and 4.25). This
concurs with previous research by Rodrigues et al., who imaged the sub-bundling of the
annulus with SEM in mature ovine specimen.[94] They suggested that this is a mech-
anism to increase the strength of the anchoring of the disc within the endplate, and
Junhui et al., came to a similar conclusion from work on human cadaver samples.[94,234]
It is important to note that neither of these papers distinguished between the two car-
tilage regions, rather referred to the ’cartilage endplate’ as a single entity. Additionally,
both papers note the abrupt end of the fibres at the cement line (start of the bone), as
Fig. 4.21 appears to show, however, Fig. 4.25 seems to suggest a fibril level integration
of sub-bundles with the osteon matrix. This is in agreement with recent evidence from
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Sapiee et al., who suggested intermingling and blending of the fibrils across the CEP-BEP
junction.[95]
As previously stated, within the nucleus, the individual collagen fibres cannot always be
resolved, however, Fourier transform image analysis was able to reveal the collagen fibril
organisation.[136] The annulus bundles are both highly aligned and ordered, however, as
the fibres insert into the cartilage matrix, they loose both directionality and order ( Fig
4.22 and 4.23). The bone beyond the cement line, shows a highly ordered and directional
matrix, similar to that seen in the annulus (Fig. 4.24). This disorganisation of the fibres
may actually provide structural integrity of the anchoring of the disc and help to offer
resistance to both annular pull-out and shear strain.[95] Fig. 4.43 from Sappiee et al.,
illustrates this hypothess by showing the integration between the fibrils in the annular
sub-bundles with fibril osteons being facilitated with an intervening irregular fibrillar
network.[95] This also supports the finding of Fig. 4.25, that there is a level of integration
with the osteon fibril, and that not all fibres end abruptly as previously proposed by
Rodrigues et al., and Junhui et al.[94,234]
Figure 4.43: Image taken from Sapiee et al., showing the integration of fibrils in the annular sub-
bundles with fibril osteons, supported by an intervening irregular fibrillar network[95]
This integration across the cement line, not only explains the existence of bone frag-
ments on annular bundles which have ruptured,[63] but also challenges the suggestion
that the CEP and BEP are not well integrated.[235] A number of papers support the find-
ing of CEP/BEP integration, noting a ‘tight-bonding’ between the two endplate regions,[56]
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but the cement line has been shown to be the point of failure when discs rupture. Un-
der tension the CEP is stripped from the BEP,[61,81] suggesting that though a higher level
of integration exists than first expected, the cement line is still the weakest point in the
endplate.
4.14 Bovine Bio-chemistry
The assignments of the Raman shift bands were derived from papers pertaining to car-
tilage and joint tissues (Table. 4.1) as Raman microscopy has not been utilised in the
endplate before. The BEP, also shows similar patterns to the subchondral bone in the
rabbit cartilage. Additionally, in agreement with previous work, the phosphate contri-
bution in the Raman spectra of the bone beneath the cartilage was obviously stronger
than all the other contributions (Fig. 4.29).[236–238]
The Mineral to Matrix Ratio (MMR) (959/856 + 877 + 921 cm−1) corresponds to the rel-
ative ratio of the mineral (hydroxyapatite) over the matrix component of the bone (pre-
dominantly collagen type I). As the MMR ratio indicates the level of mineralization in
the bone tissue,[239] high values were reasonably observed in the BEP but not in the disc
area (Fig. 4.30). This is because the phosphate (v1PO3−4 ) band which is representative to
the mineral part is diminishing through the transition from the bone to the disc in rela-
tion to the matrix component (collagen prolines). It should be noted here that the matrix
component is independent of the collagen type (I or II), as the proline content,[240] and
therefore the Raman bands in the two molecules, are extremely similar. Still focusing on
the mineral aspect of the tissue, the Carbonate to Phosphate Ratio (CPR) solely refers
to the hydroxyapatite bone analogue as a marker for the carbonate substitution in its
lattice.[212] As the band intensity in the spectral range 1120-1280 cm−1 is the contribu-
tion of a number of Raman peaks,[241] the carbonate band (1076 cm−1) partially overlaps
with the OSO3− symmetric stretch of chondroitin sulphate (1064 cm−1),[208] which is lo-
cated in the disc instead of the cortical bone. In Fig. 4.12, we can observe that the sub-
chondral bone shows higher levels of carbonate substitution in closer proximity to the
endplate, whereas the CPR values in the disc area corresponds in reality to chondroitin
sulphate. The mineralization level can also be assessed by the phosphate to amides ra-
tio (Fig. 4.33) which follows the same trend as the MMR values, indicating higher levels
in the endplate area compared to the disc.
Interestingly, both the MMR and phosphate to amide I ratios indicated a higher level
of mineralisation under the nucleus than under the annulus. Little is understood of
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the mineral content of the endplates, however, some studies have reported on the bone
mineral density (BMD), which is suggested to be highest in the peripheral region of the
human endplate.[242] Although BMD is not a measure of mineral content, it has been
reported that in the spine, bone mineral content is responsible for 86.2% of variations
in BMD.[243] Therefore, it is likely that the higher mineral content reported under the
nucleus in this study is a characteristic of the bovine model, and would not be seen
in human endplate. However, as stated earlier, this is the first study that has applied
spectroscopic measures to the endplate, and therefore further investigation is required
in order to validate these results.
4.15 Degenerate Human Tissue
One of the main differences seen between the healthy bovine model and the degener-
ate human samples was that the human samples displayed no obvious tidemark. This
however could be due to a number of reasons:
1) Literature reports a higher auto-fluorescence signal with age.[244–246] This was evident
in the human samples in this study, as compared to the bovine, the background fluores-
cence in the disc increased as well as the chondrocyte lacunae becoming more distin-
guished (Fig. 4.36 and 4.37). This made the identification of the tidemark by means of
the change in SHG to TPF ratio difficult.
2) There is no non-MC present. It has been reported that with age the non-MC becomes
progressively ossified.[62] If this is the case, then we would not expect a tidemark, as there
would be no non-MC to delineate. However, the microscopy discussed below rules out
this suggestion.
3) There is no MC on these samples. During the process of removing discs in surgery,
clinicians first cut out the disc, inadvertently removing some of the endplate (such as
the samples received). They then scrape away the endplates to expose the bleeding can-
cellous bone which promotes the integration of implants.[15] This suggests that during
the initial disc removal only sections of the non-MC are removed with the disc.
4) Samples were taken from unknown regions of the disc (see methods in chapter 3.3.4).
These samples were acquired from excised discs in a tissue bank, meaning their origin
location was unknown. Studies have reported that at the outer regions of the annulus
(though within the ring apophysis), only the MC is present, meaning no tidemark.[62,247]
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The annulus fibre bundle arrangement also shows differences to the bovine and ovine
samples. Fig 4.36 B shows the fibre bundles curving as the integrate into the region of
cartilage that is aligned horizontally to what would be the tidemark. This highly aligned
region of cartilage has previously been reported by Paietta et al., in human cadaver sam-
ples, and they also showed the annulus fibres present in the first 500 pixels post tidemark
(no scale provided), showed a similar orientation to the fibres present in the cartilage.
This suggests that the annulus fibres re-orientate to integrate with the horizontal carti-
lage fibres.
4.15.1 Degenerate Human Tissue Raman Microscopy
Raman microscopy of the degenerative samples confirms the presence of non-MC (red
peak in Fig. 4.41 as the spectra obtained show similar peaks to cartilage reported in
the literature.[201,248] Additionally, the presence of a mineralised region is seen with an
indicative intense phosphate peak,[236–238] though this region is only ∼ 60µm in width
from the sample edge. The bovine MC endplate was measured to be between 400 - 600
µm in thickness earlier in the study at the inner annulus. The difference in thickness
measured here may be due to animal differences, however, it is more likely due to either
surgical procedure (point 3 above) or location (point 4 above).
The representative spectra for the bovine and degenerative human samples (Fig. 4.41)
show similarities due to the presence of collagen and proteoglycans. The phosphate
peaks appear higher than all others in the BEP of the bovine, however, it appears that
the ’dark’ region of the human sample is more comparable to the MC in the bovine.
Maps of the degenerative human samples showed clusters of phosphate at the transi-
tion region. Using light microscopy combined with histological stains (hematoxylin and
eosin (H&E) and Masson’s trichrome) Junhui et al., also reported mineralised ‘dots’ at
the transition region of cadaveric human samples (Fig. 4.44 B). They showed calcium
deposits between fibre bundles, and proposed that this increased the strength of inte-
gration between the disc and cartilage endplate (Fig. 4.44).[234] Combined with the ear-
lier understanding of fibre anchorage, and the present discussion of mineral deposits
increasing the strength of anchorage, it is possible that the tidemark is not as weak a
point as literature has led to believe.
This work requires further attention, not only as to the differences in healthy and de-
generative tissue, but also to the possibility of regional variation such as was seen in the
bovine samples.
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Figure 4.44: A) Phosphate intensity map showing clusters of mineralisation (Fig. 4.42). B) Image
taken from Junhui et al., showing ‘calcified dots’ in human sample.[234] C) Schematic taken from
Junhui et al., illustrating the suggested role of the mineral in fibre anchoring.[234]
4.16 Conclusion
In this chapter the aim was to establish a structural understanding of the endplate and
its interface with the bone and disc across its surface. Some of the main structural find-
ings are summarised in Fig. 4.45.
The structure of the vertebral endplate was examined primarily using multiphoton mi-
croscopy, contrasting second harmonic generation (SHG) and two-photon fluorescence
(TPF) signals. This method was able to differentiate between the mineralised and non-
mineralised cartilage of the endplate in the ovine and bovine samples (Fig. 4.45 B), con-
firming the three distinct regions of the endplate: the bony endplate, mineralised carti-
lage and non-mineralised cartilage. Bovine samples showed thicker cranial endplates,
with the mineralised cartilage being thicker than the non-mineralised suggesting an
explanation for higher fracture rates noted in caudal endplates.[233] Differential Inter-
face Contrast microscopy (DIC) confirmed age differences in the ovine bony endplate
with young adult spines displaying high numbers of osteons which were not present in
the mature adults endplates (Fig. 4.45 A). Additionally, Energy Dispersive Spectroscopy
(EDS) showed a difference in the biochemistry of the endplate with age. The results
showed a higher Ca/P ratio in young adult ovine spines. Raman microscopy on bovine
sections showed differences in the chemical profile of the endplate under the annu-
lus compared to the nucleus. This work highlights the specificity of each of the tissues
in the endplate, and how they change based on their location (nucleus/annulus, cau-
dal/cranial) and with age.
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SHG in ovine sections was able to show the integration of disc fibres with the cartilage
matrix, through sub-bundling, and the merging of fibre networks resulting in disorgan-
isation, which provides structural integrity of the anchoring of the disc and help to offer
resistance to both annular pull-out and shear strain[95] (Fig. 4.45 C). Additionally, inte-
gration with osteon fibres has been shown, highlighting the intimacy of the connection
between the disc, endplate and vertebral body. Further, spectroscopic work in degener-
ative human samples suggested the presence of mineral clusters at the tidemark which
may help strengthen anchorage of the disc.
This chapter has reported the methods and results of studies utilising multiphoton mi-
croscopy, second harmonic generation (SHG) and two-photon fluorescence (TPF) to
image the microstructure of the endplate. This was supported by Differential Inter-
face Contrast Microscopy (DIC), Scanning Electron Microscopy (SEM) as well as spec-
troscopic methods to investigate the structure and biochemistry of the endplate. The
structure of the endplate is relevant to its function. In the following two chapters the
function of the endplate will be investigated in terms of its role as a nutritional pathway,
and its mechanics.
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5 The Endplate as a Nutritional Pathway
5.1 Introduction
As discussed previously in chapter 2.4 the avascular intervertebral disc relies primarily
on the endplate as a means of nutrient delivery as well as waste removal.[64,106,107] This
chapter first presents the previous literature on the nutritional role of the endplate and
the various methods previously utilised. This will provide context and motivation for
the studies conducted within this section. The study methods and results will then be
described followed by a discussion of the results in relation to previous literature.
5.1.1 The Endplates Nutritional Role
A simple but effective method to investigate the role of the endplate in the nutrition
of the disc is that of blocking the predicted path. By either partially or fully restrict-
ing the flow through the endplate, its role can be investigated.[249] Not only does this
shed light on the role of the endplate in disc degeneration as it calcifies with age,[101,250]
it also relates to the surgical practice of vertebral augmentation in which a ‘cement’ is
injected into the vertebral body.[251,252] Studies using a cementing method of augmen-
tation have produced mixed results. Kang et al., cemented the disc of immature pigs
bilaterally (both caudal and cranial endplates), and after three months found them to
have ‘severe intervertebral disc degeneration’ and described ‘diseased nutritional dif-
fusion patterns’.[253] A similar study on adult dogs concluded that endplate cement-
ing caused no ‘discernible degeneration’ visually nor with an ELISA[249](Enzyme-linked
immunosorbent assay, a technique designed for detecting and quantifying substances
such as peptides, proteins, antibodies and hormones). However, their study only blocked
the cranial endplate (unilateral) in the majority of its animals. When the histology was
examined ‘marked changes’ were noted closer to the cemented endplate compared with
closer to the open endplate. There were only results for one dog with both endplates
blocked and again histologically this showed gross changes compared to control.[249]
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Krebs et al., study was more thorough, investigating augmentation bilaterally, unilat-
erally and distally (one away from the cemented disc) in 12 mature sheep.[254] They
showed that even with an 80 % filling no statistically significant degeneration was seen,
yet there was a trend of increased degeneration between 6 and 12 month time points.
This trend was also observed in a rat tail ‘vascular isolation’ experiment, which indi-
cated that a single vertebral isolation induce a disc degeneration, with some small trend
for recovery.[255] However, their study indicated that a bilateral isolation did not show
any spontaneous regeneration post degeneration.[255]
The occlusion/augmentation method indicates that there is some form of relationship
between the blocking of the endplate and disc degeneration. However, due to its indis-
criminate nature- there is little control over where/what the cement is filling and it can
leak into the spinal cavity causing complications- it essentially adds little to the funda-
mental understanding of the endplate as a nutritional pathway.
Figure 5.1: Image taken from Krebs et al.[254] Photograph of a sagittal section through an inter-
vertebral disc specimen with the two adjacent vertebrae. Both the vertebrae are augmented with
PMMA and approximately 80 % of the length of the endplates are in contact with cement. The
asterix indicate the injection holes.
Laffosse et al.,[256] took a more conservative approach, aiming to investigate the impor-
tance of ‘marrow contact channels’ in relation to endplate permeability using micro-CT.
Utilising an immature pig model they found that, as expected, there is a greater per-
centage of openings under the nucleus than annulus (31.4 ± 17.4 %). Additionally, they
reported a correlation between effective permeability and marrow contact channel sur-
face area.[256] Benneker et al., also investigated ‘endplate openings’ and though there
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were no measurements of permeability, they found a significant positive correlation be-
tween openings and degeneration grade in 39 MRI scans of human lumbar discs.[123]
The study also found a correlation between opening density and age, although this was
not as strong as with degeneration.
Figure 5.2: Taken from Laffosse et al., 2010.[256] 2D image of the entire disc VEP interface in gray-
scale mode (A) and after conversion into a binary 2D image (B) where capillary buds in contact
with the CEP are visualized in black.
The literature on ‘endplate openings’ or ‘marrow contact channels’ is hard to follow due
to a variety of terms used. Recently Cao[257] has shown a ‘canal network’ within the ver-
tebral endplate using propagation phase contrast synchrotron microtomography. They
relate these to the nutrition canals talked about in previous literature,[258] and show a
width range of 10-80 µm. What is unclear from these studies, is how the ‘canals’ relate to
the vascular network originating in the bone. As Fig. 5.2 shows the openings can vary in
shape and size, and therefore cannot be directly related to vasculature without further
investigation into the capillaries of the endplate.
To address this question of delivery of nutrients to the disc, Ayotte et al.,[78] and Van
der Werf et al.,[102] both used the diffusion of fluorescent markers to investigate how the
channels interact with the disc. Ayotte et al., demonstrated with procion red that ‘flow in’
from the bone to the disc followed the marrow contact channels until the bone-cartilage
interface/tidemark and then dispersed into the cartilage following conventional diffu-
sion of solutes.[78] On the contrary, Van der Werf et al.,[102] showed dye filled vascular
buds in sheep endplate, similar to those which Oki et al.,[111] described in rabbits which
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appeared to be in the cartilage endplate adjacent to the disc. Thus, the direct route of
nutritional supply to the disc is not clear from such studies.
5.1.2 Capillaries of the Endplate
The vasculature of the vertebrae and endplate is discussed in part in chapter 2.4. As
shown in Fig. 5.3 A, Crock and Goldwaeer have suggested a vascular network compris-
ing of large horizontal vessels within the trabecular bone which extend into the ‘end-
plate’ (region specificity is lacking).[115] Oki et al., used scanning electron microscopy
to visualise the vascular network, which had been infused with resin, in the endplates
from five rabbits.[111] They showed that the blood vessels extend from the subchondral
bone to the ‘vertebral endplate’, where the arteriolar coil to form micro-vessel loops,
known as the vascular bud. Oki et al., investigated rabbit endplates[111] and the size
of their capillary network closely resembled the ‘canal size’ imaged in rats in the study
by Cao et al.,[257] ranging from 10-100 µm in diameter. This is the only paper to have
provided such detailed description of the vascular network in the endplate, due to the
destructive methods, it is still difficult to accurately relate the vessels to the surrounding
endplate tissues as the definition of ‘vertebral endplate’ varies in the literature as previ-
ously discussed. This is the only paper to have described vascular loops. Other studies
have alluded to the presence of such loops, as a continuous network is necessary for the
vasculature to be physiologically viable, however, little evidence has been provided.
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Figure 5.3: A) Image taken from Crock and Goldwasser[115] et al., illustrating the capillary ’end-
ings’ in flat buds. B and C ) Images taken from Oki et al.,[111] of the resin cast of the vasculature
in a rabit endplate B) Arrowhead points to C ) Arrow points to the capillary ’loop’ and arrow head
points to the branching of the vessel
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5.1.3 ‘Flow Out of the Disc’
As previously mentioned not only is the endplate structure related to the nutrient de-
livery, but also affects the removal of metabolic waste and loss of degraded matrix.[64]
Despite this important functional role of the endplate, little attention has been paid to
the ‘flow out’. The aforementioned study by Ayotte et al.,[78] measured the resistance
ratio between flow in/flow out. They demonstrated a direction-dependent resistance,
where there was shown greater inhibition to flow out than flow in. They suggested that
during flow out the fluid is constrained by the cartilage overlaying the ‘marrow contact
channels’ resulting in high drag forces (Fig. 5.4).
Figure 5.4: Taken from Ayotte et al.,.[78] Schematic illustrating the direction-dependent flow
caused by the cartilage overlaying the marrow contact channels.
The paper related their findings to the water transport necessity to ‘to ensure that all
of the fluid lost during daily loading is recovered during rest’, however, given the size of
waste components such as lactate (89 g/mol), they are more likely to travel via diffusion
than convection.[259] Given the importance of waste removal (increased acidity, cellular
apoptosis and ultimately disc degeneration[64]) it is surprising that this topic has not
gained more interest. It reinforces the necessity to understand the endplates role, as if
structural changes to the endplate (due to aging or disease) effects the removal of waste,
it too will contribute to disc degeneration.
This chapter utilised multiphoton microscopy, contrasting second harmonic genera-
tion (SHG) and two-photon fluorescence (TPF) to investigate the role of the endplate
as a nutritional pathway to the intervertebral disc. Tracers such as Fluorescein, labeled
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Albumin and Evans Blue aided in visualising the micro-circulation and diffusion rates
through the endplate.
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5.2 Methods
5.2.1 Label Free Imaging
Lumbar vertebra from five year old sheep were collected from the abattoir and frozen
intact at -25 °C until use. Samples were prepared to provide sagittal cross-sections of
the bone-disc-bone following previously discussed methods (3.3.1). In order to clear
the marrow channels and vasculature of clotted blood, samples were placed in distilled
water for 2 hours. This breaks down the cell by osmotic mechanisms. Samples were
then rinsed in phosphate buffed saline (PBS) to remove the debris. Superior endplates
were then excised using a scalpel to cut through the disc. The superior endplate sec-
tions were then frozen in optimal cutting temperature compound gel (OCT gel) and
cryo-microtomed using previously discussed methods (3.3.3) to create a flat imaging
surface. Samples were then placed on a microscope slide, with a cover slip. The ob-
jective used for imaging was a 25x water immersion lens (Olympus, XLPLN 25XSVMP2
M25 x 0.75W). Utilising the SHG and TPF signal, the tidemark was located on the sam-
ple and followed along the length of the sample whilst imaging anything that appeared
vessel-like in shape.
5.2.2 Small Molecule Diffusion
Cross-sectional slice
Samples followed the same preparation as 5.2.1. a fluorescein solution of 0.1 % concen-
tration (Fluorescein 95 %, Sigma-Aldrich, CAS 2321-07-5) was placed in a Petri dish, with
the superior endplate section suspended above. Only the disc touched the liquid (Fig.
5.5). The samples were left for 20 minutes to allow for perfusion of the disc and endplate,
though not the complete saturation of the sample. After exposure to the dye the samples
were patted dry with tissue paper, to remove surface liquid and prevent contamination
of other areas of the sample, then transferred to a clean Petri dish for imaging.
Trephine Core
Lumbar motion segments were severed with a scalpel through the disc. Regions of in-
terest of 5mm diameter were removed using a surgical grade trephine (5 mm diameter).
The cores were then exposed to 0.1 % fluorescein as shown in Fig. 5.6. Samples were
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Figure 5.5: Schematic of experimental setup for sample perfusion with 0.1% fluorescein.
then frozen and encased with OCT gel, and ground in the frontal plane using the cryo-
microtome to produce a flat imaging surface. The samples were then a half cylinder
shape. To avoid having to grind the curved back, a sample holder was 3D printed with a
curved groove thus enabling a still, flat imaging surface (Fig. 5.6). Ultimately this set up
was ineffective as sectioning a core added no benefit, and slowed down the preparation
process. Additionally suspending the samples in the dye proved trickier than the flat
samples, due to the curved edges. This method was not pursued further.
Motion Segment
Rather than pre-section the disc into segments, it was decided that whole vertebrae
should be exposed the dye therefore maintaining more of the in vivo structure. Bovine
tail, rather than Ovine lumbar, was used. The tail had visibly less blood clotted in the
marrow spaces, and therefore it was assumed that this would lead to both a clearer path
of the dye (blocked by less debris), and clearer images (less nucleic material to create
auto fluorescence). Therefore bovine tail motion segments were stripped of soft tissue
and excised by a central cut through the disc. These exposed discs were then placed
into the dye, and refrigerated at 5 °C for varying durations (30 min, 1 hour, 24 hours, 3
days). After the allotted time had passed, the samples were removed from the dye, pat-
ted dry to remove any excess/surface dye and then immediately frozen to prevent any
continued perfusion. To prepare for imaging, samples were cut in the sagittal plane into
thin cross-sections and cryo-microtomed to form a flat imaging surface. The sample
was kept frozen during all preparation so that minimal dye movement occurred during
preparation. The sample had to be thawed for ∼ 15 mins before being imaged, meaning
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Figure 5.6: Process of preparing trephine core samples for imaging. A: Core taken from vertebrae
and disc segment. B- Trephine core schematic. C- Core placed disc first into 0.1% fluorescein. D-
Core sectioned in two. E- Result of flattening the core. D- Flattened core in 3D printed holder,
providing a flat imaging surface.
there may have been some diffusion of the dye during the capture protocol. The capture
protocol could range in time from 30 - 90 mins depending on the quality of the sample
flatness. Additionally to avoid distortion of the image by the adhesion of the dye to a
cover slip, a 10x air objective (Olympus, UPlanSApo 10x/0.40) was utilised.
5.2.3 Large Molecule Diffusion
Fluorescein is a relatively small molecule (332.31 g/mol), and as such diffuses easily
where larger molecules may be restricted. To investigate this, a 0.05 % concentration
of labelled albumin was used (Albumin–fluorescein isothiocyanate conjugate, Sigma-
Aldrich, 66,000 g/mol), this concentration gave a good signal when a droplet was imaged
on a microscope slide and did not saturate the detector. A one hour exposure time was
initially chosen as with free fluorescein 30 minutes was sufficient to reach the tidemark
and allow pooling of the dye in the available spaces of the cartilage. It is expected that
a larger molecule would take longer, therefore the time was doubled. However, after 1
hour no dye was detected, the same with 4 hours. It was decided to leave the sample for
a longer period to ensure dye movement, and was therefore left for 16 hours.
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5.2.4 Real-Time Visualisation of Solute Uptake
In order to image the diffusion of fluorescein in real-time from the disc into the endplate,
a set up was required that both fitted under the microscope and restricted the dye to a
one way diffusion. The microscope stage already had an attachment which could hold a
Petri dish, for this reason the Petri dish was used as the base and 3D printed resin walls
were used to form a well to contain the sample and dye. The walls were then adhered
to the Petri dish with vacuum grease (Dow Corning® high-vacuum silicone grease). A
number of methods to secure the sample, and to prevent dye from going around or un-
der the sample, were trialed. Neither vacuum grease alone (Fig. 5.7), wax, nor a border of
blue tack prevented the dye from going under the sample, however, placing the sample
on top of a section of blue tack (Blu Tack, Bostic 30813254), with only the disc in contact
with the dye, proved viable.
Figure 5.7: 3D printed resin walls secured to a Petri dish with vacuum grease. Sample is affixed
and surrounded with vacuum grease, but this still allowed the dye underneath the sample.
The 10x air objective (Olympus, UPlanSApo 10x/0.40) was used to avoid the need for a
cover slip during this experiment. Once the sample was under the microscope, the ob-
jective was focused over the disc/cartilage endplate junction. This was identified from
the visibility of both disc fibres and dimpled cartilage structure in the SHG and TPF. Flu-
oroView version 5 software was used to set up an imaging sequence that took an image
every 45 seconds. Image acquisition took 11 seconds meaning a duration of 34 seconds
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between each acquisition. The experiment was then left to run for 120 minutes, or until
the tidemark was crossed.
5.2.5 Bovine Tail Perfusion
In order to investigate the relation of the micro-circulation of the endplate to the wider
vasculature of the spine, bovine tails were perfused with a tracer. The tail was utilised
as a model as it could be attained within a short period of slaughter with the skin intact.
Once the main artery and vein were canulated it formed a relatively closed system of
circulation.
Preparation Procedure
At the time of slaughter, tails were excised and, whilst still warm, cannulated then flushed
through. The main artery (median caudal) was partially dissected away from the sur-
rounding tissue, in order to insert a cannula (Simms Portex). The cannula fitted snugly
in the vessel, however, it was secured with surgical suture thread to prevent it from slip-
ping out. Following the same process the median caudal vein was cannulated (Fig. 5.8).
A syringe was then attached to the cannulated artery in order to flush the system with
a PBS and Heparin solution. This process was done to prevent the clotting of the blood
within the vasculature, therefore the tail was flushed until the fluid flow out of the ve-
nous cannula was clear. Once this process was complete the tail, with cannulas still
attached, was transported in an insulated container to the laboratory.
Figure 5.8: Schematic of a bovine tail with the skin removed enough to expose the median caudal
vein and artery which were then cannulated and secured with surgical thread.
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Once in the laboratory the tail was transferred to a dissection area and again a syringe
was attached to the artery and flushed with PBS to check for clots or remaining blood
as well as assessing whether the connections were still secure post travel. Following
this a pre-prepared solution of dye (Evans Blue, 0.01 % concentration, Sigma-Aldrich)
was slowly pushed through the tail via the cannulated artery. This process was stopped
when the vasculature in the visible soft tissue appeared blue.
Imaging with Dissection Microscope
Imaging over wide fields was undertaken with a Leica dissection microscope fitted with
a Mako camera (WILD M10 G231C IRC PoE). It allows for observation of a sample, us-
ing light reflected from the surface of an object rather than transmitted. Samples were
viewed in two ways; First, caudally in the transverse plane. A vertebral segment was re-
moved by slicing through the adjacent discs, the superior disc was used as the region
of interest. Images were taken of the disc over a range of magnifications, and then re-
moved carefully. Secondly, sagittal cross-sections of the disc-endplate-vertebral inter-
face were cut with a hack saw, following previously mentioned protocol (3.3.1) for cut-
ting and grinding. The sample was kept frozen throughout this process so to avoid the
movement of the dye.
Imaging with Multiphoton Microscope
The sagittal cross-sections imaged under the dissection microscope were then imaged
under the multiphoton following standard protocols (3.1.1). The Evans Blue dye was
visible in the TPF channel.
5.2.6 Image Analysis
Image Manipulation
Acquired images contained both the SHG and TPF channels. These were separated from
one another false coloured and a composite image created using the FIJI version of Im-
ageJ®(Fiji is just ImageJ, http://fiji.sc/). Once images were scaled appropriately, FIJI
also could be used to measure regions of interest. In some cases, a map of a region was
taken using a number of overlapping snapshots. These images were initially processed
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in FIJI to apply the false colour, then they were built into a continuous map in GNU
Image Manipulation Program (GIMP, 2.8.18).
FIJI also allowed the measurement of the intensity of pixels, which indicate the intensity
of the signal detected from TPF and/or SHG. The intensity values are in the format of
a ‘byte image’ which labels each pixel with an 8-bit integer giving a range of possible
values from 0 to 255. Additionally, the green and blue (RGB) intensity of a coloured
image can be profiled, indicating the contribution of each channel. With false coloured
SHG and TPF images, this can show the intensities of each.
Diffusion Modelling
Fick’s first law (5.1) governs the motion of diffusing molecules in the steady state, where
concentration is constant in time. Where X is the distance in cm, t is the time in seconds
and D is the diffusion coefficient.
D = x
2
2t
(5.1)
A script written by Michelle Bailey in Matlab 2014b (The MathWorks, Inc., Natick MA),
was utilised in this study for fitting some experimental diffusion data. The script was
originally written to assess diffusion through a gel, but was applied in this study to the
diffusion through the endplate. It utilises Fick’s second law (5.2) where C is the concen-
tration.
∂C
∂t
=−D ∂
2C
∂X 2
(5.2)
The boundary conditions were set as follows:
t = 0 : x > 0,C = 0
t ≥ 0 : at x = 0,C =C0
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where C0 is constant. Applying these boundary conditions and solving Fick’s second law
(5.2) in one dimension gives:
C = 1
2
C0er f c
(
x
2
p
Dt
)
(5.3)
Fitting this equation to data for concentration as a function of either position or time
allows the diffusion coeffcient, D to be determined.
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5.3 Results
5.3.1 Vessels of the Endplate
Label Free Imaging
Fig. 5.9 shows a vessel visible within the MC matrix. It sits close to the tidemark between
the mineralised and non-MC. The highly aligned fibres of the annulus are clearly shown
on the left hand side of the image; it is assumed that the fibres have penetrated the
cartilage layer as there is evidence of sub-bundling (see split arrow) which occures post
insertion into the non-MC (discussed in 4.13).
Figure 5.9: Multiphoton image of vessel within the endplate. Green SHG, Blue TPF false coloured
and over-laid. Left image shows clearly with directional annulus fibres. Right image shows more
of the cartilage in which the vessel sits.
The vessel visible in Fig. 5.9 is a branch connected to a larger vessel, with other branches.
The branches range in width from 35-38 µm compared with the trunk which is 127.2 µm
across, measured in FIJI (5.2.6). The only visible ‘end’ of a branch (labelled with white
arrowhead) is thinner than the body of the vessel (28.9 v 38.4 µm), however, very few
of these ‘ends’ were imaged, the majority of vessels imaged continued out of the focal
plane or were cut by the sample preparation.
Fig. 5.10 Shows a map built up of multiple composite SHG and TPF images to visualise
a larger region of tissue. It appears to show a vessel making direct contact with the disc.
However, it is hard to assess whether this image is taken at the tidemark region as the
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Figure 5.10: Multiphoton image map created in GIMP of vessel within the endplate. Green SHG,
Blue TPF false coloured and over-laid. The disc is shown on the right hand side. White arrows
indicate possible transverse vessels. Asterix denotes region of undefinable high TPF.
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disc is less visible than previous images. The high TPF signal along a relatively vertical
line does, however, indicate mineral suggesting that this is the MC. Further changing
position in a z-stack through the sample, D-F of Fig. 5.11 indicate that this vessel does
not stop at the tide mark but rather continues into the non-MC/disc. There appears to
be a gap in the disc fibres as if there was something in between the bundles.
Around one third of images gave the suggestion of smaller diameter vessels. For exam-
ple, Fig. 5.12 A shows a larger vessel (45.1 ± 9.4 µm, mean and SD diameter measured in
FIJI) splitting into two forks (left fork: 19.4 ± 3.0 µm, right fork: 26.2 ± 1.6 µm). The left
fork then appears to meet another vessel which, as it carries on towards the TM, reduces
in size. The filled arrow heads indicate this smaller vessel which is 11.9 ± 1.7µm in diam-
eter. At this magnification the vessel walls are not clear, so to confirm its identity, images
were acquired at a higher magnification. When magnified and grey scale inverted (Fig.
5.12 B) the vessel appears slightly more distinct. Fig. 5.12 C illustrates the vessel path
that can be deduced from A and B, however, due to the loss of focus, a full network of
the vessels inter-connectivity is not possible. Fig. 5.12 A also demonstrates the difficulty
in identifying vessels. The unfilled arrow heads indicate two lines which look similar in
appearance to the vessel walls, however, no inter-connectivity is apparent. Further, the
arrows in Fig. 5.10 and 5.12 indicate possible transverse vessels that have been cut dur-
ing preparation. These transverse vessels, ranging in diameter from 5 - 23 µm, are seen
more frequently closer to the tide mark. High TPF signal such as that indicated with an
asterisk in Fig. 5.10 can make visualisation of these vessels difficult.
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Figure 5.12: A) TPF image of branching vessel. Filled arrow heads indicate branching of poten-
tial smaller vessel. Unfilled arrowheads indicate other potential vessels. White arrows indicate
possible transverse vessels cut in the frontal plane. B) Magnified view of branching to a potential
smaller vessel. Image has been converted to gray scale and inverted. C) A schematic suggesting the
vessel layout in relation to the MC (MC), tidemark (TM) and non-MC (non-MC).
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Diffusion into Vessels
Fig. 5.13 shows results from an experiment in which the fluorescein tracer was intro-
duced from the bone. It shows vessels extending from marrow channels within the bone
and form an interconnected network. Additionally, the tracer has entered the disc on the
right hand side. Saturating the disc with tracer allowed vessels to be imaged at high mag-
nification. In Fig. 5.14 tracer has entered distinct channels, indicated with white arrow
head. However, there is also evidence of the tracer permeating the surrounding tissue
(noted in Fig. 5.14B with *).
Some vessels display confusing structures, however, with the 2D nature of the images
and the lack of visualisation of the smaller vessels it is hard to interpret their struc-
ture (Fig. 5.15). A single image showing vessels can have multiple interpretations of
the structure, vessels could be interconnected (Fig. 5.15B) or they could be two distinct
vessels in close proximity which continue out of the focal plane (Fig. 5.15C).
Fig. 5.17 is one of few examples of diffusion of fluorescein from the disc through the
cartilage into a vessel. The distance between the end of the vessel and the start of the
saturated soft tissue (most obvious in the SHG as a slightly darker line) is between 37 -
50 µm. It is important to note that though a vessel lumen is visible in the SHG image
there is no other obvious path/structure that the fluorescein is following.
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Figure 5.13: Composite SHG (green) and TPF (blue) images, fluorescein detected with TPF. Map
built in GIMP of region from the disc (right hand side) to bone (left hand side) after exposure to
fluorescein from the bone side for 1 hour.
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Figure 5.14: A- TPF image of saturated disc and filled vessels. B- Composite SHG (green) and TPF
(blue) images, of a different area of disc and more vessels. Fluorescein detected with TPF. White
arrow heads indicate possible transverse vessels. * indicates tracer in surrounding tissue.
Figure 5.15: A) TPF image of saturated disc and filled vessels. White circle indicates appearance of
a loop. B) Schematic of an interpretation of the vessel structure from A. C) Schematic of an alter-
native interpretation of the vessels structure in A. Red colour used to emphasise separate vessels.
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Figure 5.16: TPF images of saturated disc and filled vessels showing the range of shapes and struc-
tures seen in several samples
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Figure 5.17: A) SHG image showing a lack of signal where a vessel is, and surrounding cartilage
and disc (left) B) TPF image of the vessel, and the fluorescein diffusing across from the disc into the
vessel. C) Composite SHG (green) and TPF (blue) of A and B.
5.3.2 Small Molecule Diffusion
In samples that had been exposed to the fluorescein for 30 minutes and viewed in cross-
section, movement of the fluorescein appears to be limited at the tidemark, indicated
by the white line (Fig. 5.18). However, there is patchy TPF signal in the cartilage and
bone regions indicating the dye accumulating in certain spaces (denoted with *). There
does not appear an obvious route that the dye has taken, however, the ‘marrow contact
channel’ network is extensive and could provide out-of-plane pathways.
Fig. 5.19 shows more clearly the dye (blue) in the available spaces. There is a significant
region just below the tidemark which contains no tracer and large regions of dye further
down. Time case studies showed progressive filling of these spaces (Fig. 5.20). At 60
minutes exposure (B) there seems a much more consistent filling of the available spaces,
but again, no clear route of travel is visible. After 24 hours (C) the cartilage endplate
becomes completely saturated with the dye.
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Figure 5.19: High magnification view of the fluorescein (detected with TPF, shown in blue) filling
the available spaces. White line indicates the tide mark, with the disc to the left of the image, and
trabecular bone to the right. Arrow heads indicate horizontal artifacts created with the microtome
blade during preparation.
Figure 5.20: Composite SHG (green) and TPF (blue) images, fluorescein detected with TPF. A- Im-
age of region close to the tide mark after exposure to fluorescein for 30 minutes. B- Image of region
close to the tide mark after exposure to fluorescein for 60 minutes. C- Image of region close to the
tide mark after exposure to fluorescein for 16 hours.
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In order to quantify uptake, profiles of pixel intensity across the image were taken in FIJI
(Fig. 5.21). The intensity was taken from a central line drawn from the start of the image
up to the tide mark (tidemark indicated by the white line in Fig. 5.19). The intensity
values are in the format of a ‘byte image’ which labels each pixel with an 8-bit integer
giving a range of possible values from 0 to 255. This showed saturation of the disc tissue,
but the intensity fell rapidly with depth into the endplate.
Figure 5.21: TPF pixel intensity measured in FIJI plotted against distance in µm from the start
of Fig. 5.18 to the tidemark (white line). The blue highlighted region was fitted to the diffusion
equation, shown in Fig. 5.22.
Regions showing a smooth distribution of data (highlighted in blue in Fig. 5.21) were
fitted to the diffusion equation (5.3) using a custom matlab code. The fit is shown in Fig.
5.22 and gives a diffusion coefficient of D = 5.76 x 10−9 cm2s−1. This fit assumes that
the saturation of the disc occurs at time 0, as there is a concentration gradient in the
endplate.
CHAPTER 5. THE ENDPLATE AS A NUTRITIONAL PATHWAY 127
5.3. Results
Figure 5.22: Theoretical fit of the experimental data from the highlighted blue section from Fig.
5.21.
Exposure for three days still showed a highly saturated disc region, though most strik-
ingly different was the pooling of the dye in the trabecular holes around what are most
likely lipocytes (Fig. 5.23).
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Figure 5.23: Composite SHG (green) and TPF (blue) images, fluorescein detected with TPF. Image
of region from the disc (right hand side) to bone (left hand side) after exposure to fluorescein for 3
days.
5.3.3 Large Molecule Diffusion
Fig. 5.24 shows two regions which have markedly higher intensities than the other re-
gions (patch 1 and 2 shown in Fig. 5.25). Measured from the start of the disc on the left
side of the image, the initial ∼ 1500 µm of disc is much brighter than the rest of the im-
age, suggesting the signal is from the Albumin tracer. However, due to the heterogeneity
of the tissue, and the consistent lack of obvious concentration gradients in samples im-
aged the diffusion of albumin was not quantifiable. The second higher intensity region
(patch 2) appears to be within the MC, before the tidemark. This patch of brightness
does not seem to be due to any tracer as it comes after a section of lower intensity. Ad-
ditionally, this higher intensity region is also seen in the SHG channel, suggesting that
this is auto fluorescence of the tissue rather than the presence of the tracer. Thus it can
be assumed the brighter region of the disc is due to the labelled albumin, and that in
16 hours it has only managed to travel a very short distance through the disc, not even
reaching the tide mark.
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Figure 5.24: TPF map built in GIMP of cross-section of disc/bone interface after 16 hour exposure
to Albumin.
Figure 5.25: TPF pixel intensity measured in FIJI plotted against distance in µm from the start of
Fig. 5.24 to the end.
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5.3.4 Real-time Tracer Uptake
Cross-sectional slices were imaged over time to visualise the movement of fluorescein
through the disc, endplate and bone (See methods: 5.2.4). The aim was to produce one-
way diffusion such as shown in Fig. 5.26 A and B. However, some experiments showed
evidence of the tracer entering through channels at the side of the sample as seen in Fig.
5.26 C. Although this was not the aim of the experiments, it is interesting to note that the
disc became saturated much faster.
These studies showed that, as in the previous diffusion experiments the tide mark was
providing a barrier (Fig. 5.27). The fluorescein is slightly visible at 6 minutes, and much
more so at 7 mins. Once it has reached the tidemark it quickly builds up in intensity.
Beyond the tide mark, from 9 mins the tracer spread along an irregular front, forming
patches of high intensity ranging in size range from 5 - 18 µm in diameter. However,
due to their hazy edges and change over image slices they were difficult to measure ac-
curately. The diffusion coefficient from the sample shown in Fig. 5.27 from the surface
touching the dye up until the tidemark, was D = 3.9 x 10−7 cm2s−1 calculated using Fick’s
first law (Eq. 5.1).
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Figure 5.26: TPF images extracted from stacks of images taken at 30 second time intervals while
the disc was exposed to fluorescein. The disc (labeled IVD) was exposed to fluorescein from the
right hand side of the frame. The tide mark is indicated above each image (TM). A) Sample shown
at 0, 60 and 120 minute time points. B) Another samples shown at 0, 60 and 120 minute time
points. C) A sample with dye entering through a side channel. Shown at time points 0, 17.5 and 60
minutes.
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5.3.5 Perfusion of the Bovine Tail
Fig. 5.28 B and C show that the microcirculation of the skin was well perfused with the
Evans blue, whereas the avascular tendons remained white indicating that the Evans
Blue had not diffused out of the vessels at a timescale of 60 mins perfusion. When the
musculature was removed, vessels close to the disc tissue were evident in the region
between the two vertebrae (Fig. 5.29 A). When the soft tissue was removed to expose
the disc, it was predominantly white as expected, however, as the unfilled arrow head in
Fig. 5.29 B indicated, some dye has diffused out of the vasculature and into the annulus
fibrosus. In cranial transverse sections, the dye has penetrated a number of layers of the
outer annulus (Fig. 5.30).
Figure 5.28: Photograph of A) End of bovine tail removed with skin intact B) Skin removed, blue
colour shows that the vasculature has been perfused with the Evans Blue C) the perfused tail,
skinned with canular still inserted. Blue of the fascia and darkness of the muscle due to the Evans
Blue dye.
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Figure 5.29: Photograph of A) Motion segment with the musculature removed. Disc is central with
a vertebra either side. Blue indicates perfused vasculature of the soft tissue around the disc. B)
Motion segment excised at the disc with soft tissue removed. Unfilled arrow head indicates where
the Evans Blue has entered the annulus.
Figure 5.30:Photograph of A) Motion segment excised at the disc with soft tissue removed. Unfilled
arrow head indicates where the Evans Blue has entered the outer annulus.
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Figure 5.31: A) Photograph of the exposed cartilage endplate with dye filled buds present. Filled
arrow heads indicate where dye has filled a cut made by the scalpel blade. B and C) Dissection
Microscope image (16 x and 80 x magnification respectively) of a sagital slice showing the dye
filled buds. Buds indicated with a white unfilled arrowhead.
To investigate the nutritional route through the endplate, the disc was removed to ex-
pose the cartilagenous surface below. Whilst cutting, small spots of blue dye became
visible (Fig. 5.31 A), the further cut into the cartilage the more became obvious. Ad-
ditionally when the scalpel penetrated the surface, damaged areas were quickly filled
with dye. Whilst on superficial examination it appeared that there was a greater num-
ber of filled spots in the outer region, this was actually due to the cartilage being thicker
centrally obscuring the tracer. When the samples were cut sagitally so as to image the
endplate perfusion, again the spots were obvious (Fig.5.31 B and C). However, the route
of filling was not obvious. There were no detectable vessels directly leading to the end-
plate at all. Fig. 5.32 shows the only vessel that was seen clearly in any of the samples
(indicated by the filled arrow heads). Even under multiphoton excitation, Evans Blue
was not visible (5.33).
136 CHAPTER 5. THE ENDPLATE AS A NUTRITIONAL PATHWAY
5.3. Results
Figure 5.32: A and B) Dissection Microscope image (12.5 x and 25 x magnification respectively) of
a sagital slice showing a dye filled vessel. Vessel path tracked by filled arrowheads.
CHAPTER 5. THE ENDPLATE AS A NUTRITIONAL PATHWAY 137
5.3. Results
Figure 5.33: Composite multiphoton image of SHG (green) and TPF (blue) of an Evans Blue per-
fused tail. Arrow heads indicate a channel and asterisk indicates a region high in TPF signal.
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5.4 Discussion
This study focused on the role of the endplate as a nutritional path for the interver-
tebral disc. First the vessels will be discussed and their role in nutritional transport.
Secondly the diffusion of molecules will be examined followed by the perfusion of the
bovine tail.
5.4.1 The Vessels of the Endplate
Fig. 5.9 shows a vessel visible within the MC matrix. It sits close to the tidemark between
the mineralised and non-MC. The highly aligned fibres of the annulus are clearly shown
on the left hand side of the image; however, the fibres are anchored in the cartilage layer
as there is evidence of sub-bundling (see split arrow in 5.9A) which as discussed previ-
ously in chapter 4, occurs in the non-MC. It is important to note that the vessel does not
cross the tide mark and yet is still in close proximity to the anchored annulus fibres of the
intervertebral disc ( 70 µm). In fact all vessels seen (apart from 5.10) ‘ended’ prior to the
tidemark, insinuating that the vessels do not penetrate into the non-MC. Vessels were
shown with differential interference contrast microscopy (DIC) in chapter 4, where they
did not cross the tidemark (Fig. 5.34), this is similar to research in articular cartilage
where ‘bony-specules’ containing blood vessels remain behind the tidemark.[260] The
images from the current study were ascertained at a much higher magnification than
those taken with DIC, and do not show the tidemark following such a tight line around
the vessel ends. This is most likely as the DIC is showing a larger branch of the vessel
network then seen with the multiphoton (Fig. 5.34).
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Figure 5.34: A) Image taken from Thambyah and Broom[260] showing a ‘bony-specule’ (arrow-
head) originating in a Haversian like cannal and extending towards the cartilage. The tide mark,
indicated with the arrow, always remain ahead of the specule. B) Image from Chapter 4 (REF) of a
similar structure seen in the endplate of mature ovine. Specule (arrowhead) and tidemark (arrow)
are labelled. C) Fig., 5.9 illustrating the ending of a capillary seen with the multiphoton. Specule
(arrowhead) and tidemark (arrow) are labelled.
Ayotte et al.,[78] suggested that vessels ‘peep’ through the calcified endplate as a way to
explain pores in the non-MC surface. The wording that they use suggests that the vessels
actually pass through the MC layer, into the non-MC (Fig. 5.35 A). This was suggested
from their images of fluorescent tracers, however, the diffusion of tracers out of a vessel
is not indicative of the vessel path. The ‘peeping’ suggested was not obvious from any
of the imaged vessels in the current study, nor in other literature on the tide mark.[260]
What is more likely, especially given the presence of small transverse vessels is that they
run close to the surface of the tidemark, without actually crossing it as shown in Fig.
5.35 B. This theory was not directly imaged in this study, however, it provides the best
explanation for pores in the mineralised endplate without the vessels penetrating the
non-MC.
Figure 5.35: Proposed structure vessels in relation to pores in the MC endplate. A) Proposal based
on Ayotte et al.,[78] that vessels ‘peep’ through the pores. B) Proposal of transverse vessels that does
not cross the tidemark (TM) based on images of vessels in this study
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No coiled structures such as those described by Crock and Goldwasser 1984 and Oki et
al., 1994 reported were visible within the images attained in this study.[111,115] In terms
of the size of vessels the images presented in the study above agree with Oki et al., how-
ever, neither the ‘loops’ at the end of capillaries, the extensive vessel network, nor the
‘flat buds’ from Crock and Goldwasser were seen.[111,115] In the majority of images show-
ing longitudinal vessel sections, the diameter was relatively uniform (∼ 12µm, Fig. 5.12).
However, transverse vessels measured as small as 5 µm in diameter (i.e a true capillary
as red blood cells are 6 - 8 µm[261]). These transverse vessels appeared more frequently
closer to the endplate. Distinguishing the 5 µm vessel was difficult, due to the blurring
of the TPF, meaning some smaller vessels may have been missed. The asterisks in Fig.
5.10 illustrate how an area can become saturated in the TPF signal. This may be a par-
ticular problem at the edges of the tidemark which have high levels of TPF due to the
hypermineralisation, which interfere with visualising smaller capillaries. Additionally,
beacuse a number of tissue give a TPF signal, cell lacunae could be confused for trans-
verse cut vessels. A vessel specific dye may help in this regard.
The closest images attained to the loops referred to above were seen in Fig. 5.15 A/B
and 5.16 E and D. However in comparison to those reported in Oki et al.,[112] these loops
are too big to be considered vascular buds. Buds were previously reported to measure a
maximum of 50 µm where as the ‘loops’ presented in Fig. 5.15 were closer to 100 µm in
diameter. The differences in animal model could be playing a role in the differences. Oki
et al.,[112] were utilising a rabbit model, a much smaller animal than either the ovine or
bovine model used in this study. A paper investigating the glomeruli of the kindey (an-
other complex capillary loop) suggested that cappilary radius can be assumed as 2% of
the diameter of the renal capsule, which actually results in very little difference between
rabbit, sheep and cow (3 µm, 4 µm and 5 µm respectively).[262] The smallest vessel mea-
sured in this study was 5 µm making it comparable to those repoted by Rytand 1938[262]
as well as those reported in Oki et al.,[112] suggesting that capillary size is not a factor.
Scmidt-Nielson and Pennicuik[263] reported of the variations in capillary density within
the muscles of varying sizes of mammals. They found a relationships between body
mass and density, yet there was no significant difference shown between that of the rab-
bit (232 - 316 cap/mm2) and sheep (270 - 408 cap/mm2). Thus, there has been little
reported difference in capillary size and density between these animal models, suggest-
ing that the same size and spacing of capillary buds should expected in the ovine and
bovine model, as seen in the rabbit. Given this, it is surprising that loops were not vi-
sualised with the multiphoton microscope using any of the methods above. However,
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given the complexity, ‘coiled’ structure and previously discussed difficulty with TPF sat-
uration, another method is required to asses the detail of this region.
Some of the of the larger vessels have been imaged as ‘dead-ends’. Fig. 5.9 especially
shows a rounded end to the vessel rather than just losing focus as the larger trunk does.
This suggests that for some vessels, there is actually no loop present. However, by its
nature, a vascular network needs to loop for the deoxygenated blood to return to the
heart and lungs.[264] Even though historical literature has included references to ‘end
arterioles’,[265] a dead end such as the one imaged would cause the blood to clot, block-
ing, rather than creating, a nutritional pathway to the disc. In structures such as the eye,
these supposed ‘end-arterioles’ have later proven to have connectivity through higher
powered imaging technologies, however, multiphoton microscopy should provide suffi-
cient resolution. An explanation for these ‘dead-ends’ could be angiogenesis, the growth
of new capillaries from pre-existing blood vessels. Angiogenesis usually only occurs
during certain physiological situations for example in the placenta during pregnancy,
during wound healing or tumour growth. In fact a paper by Hunter et al., reported cap-
illary sprout tips within epiphyseal growth plates. These were characterised by plastic
casting and histology, showing abrupt capillary ends containing blood stasis (slowing
or pooling). Below these sprout tips, a network of laterally projecting vessels ‘serves
as capillary loops for the venous return’. Their study was carried out in pre-pubescent
rats which raises the question of whether these sprouts continue throughout matura-
tion, and would therefore still be present in mature endplates. Evidence of angiogen-
esis has been seen in excised herniated discs, and its presence linked with increased
pain post-operatively.[266] Rather than image vessels, David et al., detected vascular en-
dothelial growth factor (VEGF, an indicator of angiogenesis) using imunohistochemical
techniques on samples from patients undergoing surgery for disc herniations. Though
their work does not directly solve the question raised by this study of the ‘dead-end’ ves-
sels, as angiogenesis in this case is most likely due to the trauma of herniation, it does
suggest a route for further investigation of the capillaries.
Another explination could be lymph vessels as they can have dead ends. In their role of
‘mopping up’ debris, waste material and water from cellular activity they act alongside
the vasculature. The presence of lymph vessels in relation to the disc is not well estab-
lished, and as previously discussed (2.5) the two main articles contradict each other on
the presence of lymph in human discs up to the age of 20 years.[120,121] Anatomically, a
lymph vessel could play a vital role in the waste removal of the disc as large amounts
of water are lost from the disc each day, and little is understood about how this is re-
moved. Comparing this region to others in the body proves difficult because of the
142 CHAPTER 5. THE ENDPLATE AS A NUTRITIONAL PATHWAY
5.4. Discussion
complex combination of tissues. For example, lymphatics are reportedly not present
in bone, neither cancellous nor trabecular at any age.[267] However, in the knee joints of
mice, lymphatic capillaries and mature vessels are present in various soft tissues around
articular spaces.[268] Thus it is difficult to ascertain whether the presence of lymphat-
ics would be expected in the disc-endplate-bone junction. Additionally, the lymphatic
vessels are usually closely intertwined with the vasculature, suggesting that both vessel
types could have been imaged in this study, but failing to distinguish between the two.
In contrast to these ‘dead end’ vessels, Fig. 5.10 poses an all together different conun-
drum. The figure proposes a vessel that appears to open completely to the disc anchor-
ing (Fig. 5.13). Again, anatomically blood requires a circulatory route, and if it followed
this vessel, would pool in the disc matrix. Due to the size of this channel, (>20 µm) it
could be argued that this is not actually a vessel itself, but rather a canal of the marrow
network that would contain vessels. The proximity to a larger trabecular-like hole (also
outlined in blue like the vessel) as well as the proximity of multiple smaller vessels (indi-
cated with white arrows) could support this stance. Additionally, a channel of this kind,
opening through the tidemark would create pores in the MC such as Ayotte et al.,[78]
suggested. What is unclear is how a vessel would operate within a channel such as this,
as there is no visual indication of the vessels themselves. The size of this channel could
allow a two way traffic system with a loop at the top. There is a possibility that in lysing
these samples to remove the clotted blood, some vessels were damaged and removed,
meaning that the ‘flow’ we visualise in Fig. 5.11 was in fact an artefact of the sample
preparation rather than anatomy.
Conclusions on the vasculature, especially in relation to the capillaries closest to the
disc and therefore involved in nutrient exchange, are difficult to make. All of the work
presented appears to raise more questions than it answers. All vessels imaged have ap-
peared to not pass the tidemark, however, their ‘endings’ require further investigation.
This raises the necessity for further work, focused specifically on the tide mark and non-
MC as to whether capillary loops are visible, and what the ‘openings’ from the MC end-
plate lead to.
5.4.2 The Role of Vessels in Disc Nutrition
Although the centre of the nucleus has the lowest cell density of the IVD, it also has the
lowest concentrations of oxygen and glucose, whilst having the highest concentrations
of lactic acid.[156] This is primarily due to the distance from the blood supply, as much as
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7 - 8 mm for cells at the most central point. Considering that even small molecules have
shown low diffusivity in the cartilage endplate (Fig. 5.22), such a distance could appear
limiting. However, distances as small as 37 µm between the visible end of a vessel and
anchored disc fibres have also been shown (Fig. 5.17).
Further, these vessels form part of the wider structural network within the endplate and
bone. Fig. 5.23 and 5.13 illustrate the inter-connectivity of these channels, much like
Thambyah and Broom[260] reported in articular cartilage. Cao et al., reportedly imaged
this network of marrow canals, and found a few canals with diameter as small has 10
µm, though many more were ∼ 25 µm.[257] Images such as Fig. 5.12 show vessels 12 µm
as well as slightly larger ones∼ 20-26 µm. In their paper, Cao et al’s.[257] method was un-
able to differentiate blood vessels within the canal network and as such they were only
detecting the empty spaces rather than the tissue structures creating them. Multiphoton
microscopy is advantageous in this as it allows the visualisation of soft and hard tissues
simultaneously.
The ‘marrow channels’ are shown to contain large cellular structures as made visible by
the pooling of fluorescein around the cells in Fig. 5.23. Gruber et al.,[258] also reported
on the canal network, however, they stained for blood cells, showing them to be present
along with the fatty marrow. This is unsurprising as capillaries are commonly shown
in bone marrow.[269–271] Fig. 5.36 (B) shows a 3D reconstruction of capillaries imaged
in the marrow spaces of the human illiac crest compared to the cell outlines visible in
Fig. 5.23.[271] Although the fluorescein in the marrow spaces show similarities to the
capillary reconstruction, it shows a more uniform arrangement, suggesting that this is
not visualising the capillaries in the marrow, rather the tracer is just pooling around
the fat calls. Additionally, very little variance is seen in the diameter and distribution
of the fluorescein path, again suggesting that these are not capillaries. These results
do not rule out the existence of vessels in this region, they merely suggest that other
methods may be more appropriate to view them. For example Steiniger at al., utilised
an endothelial specific stain which was specific to the microvessel walls.[271] Combining
a vessel specific stain with the multiphoton capabilities could prove useful.
5.4.3 Molecular Diffusion
Quantifying the diffusion of molecules through the endplate proves difficult due to the
heterogeneity of the tissue structures. Roberts et al.,[64] demonstrated with a range of
molecular sizes that with an increase in weight of the molecule there was a decrease in
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Figure 5.36: A) Section of Fig. 5.23 showing the fluorescein in the marrow channels. B) 3D recon-
struction of capillaries within bone marrow taken from Seiniger et al.[271]
the distance traveled. This was certainly true in this study comparing the labelled albu-
min to the free fluorescein. The fluorescein had a >20x higher diffusion coefficient than
the albumin, resulting in a greater distance travelled in less time. Some literature has
suggested that larger molecules such as labelled albumin are aided in their movement
through the disc by mechanical loading.[272] This would also rely upon the mechanics of
the endplate as well as the diffusion of molecules and warrants further investigation.
What was unclear from the previous research, was the route of travel of the solutes
through the tissue. This work demonstrated preferred pathways and barriers. Fig. 5.18
shows us than initially the dye is held up by the tide mark, and then small pores in the
MC endplate become filled (Fig. 5.19 and 5.20). Arkhill and Winlove utilised a similar in-
vestigation of diffusion through the articular cartilage of a horse metocarpalphalangeal
joint.[273] They too struggled with tissue heterogeneity and related this specifically to
regional differences at the level of subchondral microcirculation. The advantage their
study had over the present was their ability to section samples to 20 µm which allowed
for use of a microscope that could filter for the tracer and gain a true intensity map in
relation to distance from the tidemark. Using the same cryotome as Arkill and Winlove,
this study was unable to produce mineralised sections without breaking either the sam-
ple or blade due to the bone of the vertebral body. However, had the samples had been
demineralised, they would not have been indicative of the physiological environment.
Additionally, it should be noted that the vertebral endplate and articular cartilage have
different tissue mechanics. Despite these drawbacks, an interaction of the fluorescein
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dye with some vessels was seen. The interaction varied, Fig. 5.16 shows a number of
these images. Some images (A, D and H) showed the fluorescein contained by vessels,
whereas others (B, E and I) indicated that some had diffused out from these vessels into
the surrounding matrix. This suggests that although the vessels offer an express route
out of the disc, solutes also diffuse through the tissue. The proximity of the vessels to the
disc is relatively close, meaning minimal necessity of diffusion through the MC which is
reported as five-fold lower than in non-MC regions.[137]
5.4.4 Tail Perfusion Experiments
Perfusion studies have proven useful in previous literature to bring light to the vascu-
lature of the complex endplate region.[102,111,274] In this study Evans blue was utilised
not only due to its visibility in transmitted light, but also because it is more strongly de-
tected by its fluorescence. The perfusion of the tail was shown to be successful as the
capillaries of the skin were visible once it had been removed (Fig. 5.28). Additionally,
the muscle had taken on a purple hue, and there was diffusion visible at the outer annu-
lus (Fig. 5.29 B and 5.30). The diffusion visible from the outer annulus was greater than
had been expected as literature has indicated that this is a minor transport route for the
disc nutrition.[109,275] Within the current experiment, exact time of perfusion could not
be measured due to the uncontrollable wash-in period and freezing time. Additionally,
some of the capillaries related to this region were removed when cutting to the disc itself.
Future work should be aware of this lack of data in this region.
In relation to the endplate, Fig. 5.31 shows that the Evans blue has reached the endplate
and appears in ‘buds’ (concentrated regions of dye) as previous literature has reported.[115]
The density of the ‘buds’ was not able to be measured due to the obscuring cartilage
layer, and the flow of tracer when the cartilage was penetrated (Fig. 5.31). Multiple sec-
tions of perfused disc were imaged, however, Fig. 5.32 shows the only vessel visible. This
was disappointing, and counter-intuitive as the bone is a highly vascularised region. It
is unlikely that there is blood clotted in vessels that are not visible as the bone would
appear more pink, and other regions show the penetration of the Evans blue suggest-
ing there may be another reason for this lack of vessel visibility. Further, sectioning the
Evans blue perfused tail and imaging under the multiphoton proved equally disappoint-
ing (Fig. 5.33). No vessels were made evident by the dye and even the ‘buds’ seen with
the dissection microscope were difficult to locate. This suggests that the concentration
of dye was potentially too low, increasing the concentration may remedy this issue.
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5.5 Conclusions
This chapter focused on the endplates role as a nutritional pathway to the intervertebral
disc. Two main avenues were investigated, first the vasculature and second the diffusion
through the endplate tissues. The main findings are summarised in Fig. 5.37.
Vessels within the endplate were imaged within close proximity to anchored disc fibres
(< 70 µm), which is beneficial considering the low diffusivity of small solutes in the end-
plate (Fig. 5.37 C). The vessels, which stemmed from the marrow contact channels, were
not shown to cross the tidemark (Fig. 5.37 A and B). However, the ends of vessels were
not always visible. This work raised questions about the ‘dead ends’ of the vessels seen
both in this study and in the literature, suggesting they may be due to capillary sprout-
ing, or lymph vessels (Fig. 5.37 D). Further work is required in this area to better under-
stand the vessels in the endplate.
Although perfusion of the bovine tail was disappointing, it still showed a small amount
of diffusion at the edge of the annulus. Under the disc, the number of buds/vessel end-
ings was observed to increase towards the centre of the disc (Fig. 5.37 E). However, this
finding was qualitative and a further quantitative analysis of this would be beneficial
to the literature. In terms of diffusion, it was unclear from previous research the route
that solutes follow through the tissue. Through the use of real-time imaging of a fluores-
cent tracer, this study showed barriers- initially the dye is held up by the tide mark- and
preferred pathways- the small pores in the mineralised cartilage. The fluorescent tracer
confirmed the diffusion from the disc into vessels in the endplate, however, solutes were
not restricted to their path. This confirmed the importance of the endplate vasculature
within solute transport.
CHAPTER 5. THE ENDPLATE AS A NUTRITIONAL PATHWAY 147
5.5. Conclusions
Figu
re
5.37:Sch
em
atic
rep
resen
tin
g
th
e
m
ain
fi
n
d
in
gs
from
ch
ap
ter
fi
ve.
148 CHAPTER 5. THE ENDPLATE AS A NUTRITIONAL PATHWAY
6 Micro-Mechanics of the Cartilage Endplate
6.1 Introduction
This chapter proposes a novel method of loading the endplate while simultaneously
imaging, which allows for understanding of the micromechanics of the endplate.
The structure of the endplate and interactions with the disc play an important role in
the mechanics of the motion segment and thus the spine. All aspects of the spinal unit
contribute to the deformation and recovery during loading and unloading cycles of ev-
ery day events such as standing (∼ 1000 N) or light manual work (∼ 1500-2000 N).[276]
Segment response to this compressive loading is non-linear due to the diverse material
properties and complex structure of the segment.[83,84] The structure of the interverte-
bral disc, with the nucleus and surrounding annulus fibrosis contribute largely to the
mechanics of the endplate.[85] Load acting on the vertebrae is usually axial compression
from one endplate to the next, however, it also incurs flexion, extension and torsion
(see Fig. 2.6). When the disc is compressed, the annulus bulges outwards,[85] and the
endplate bulges into the vertebral body.[87] As a result, uniaxial loading of the motion
segment results in biaxial loading of the endplate, which could lead to higher occurance
of damage than estimated with uniaxial loading.[27] The role of the endplate in com-
pression has been discussed and investigated using a variety of methods, but due to the
difficulty of direct measurement, it is still unclear. Additionally, a wide variety of meth-
ods has made consensus difficult.
A whole specimen in vitro method was suggested by Hulme et al., using fiducial markers
on the superior and inferior endplates of an intact motion segment.[277] Unsurprisingly,
they reported that the higher the load, the greater the deformation of the endplate. Their
study was unable to identify the separate regions of the endplate (non-mineralised, min-
eralised and bony), and thus is limited in exploring the individual contributions of the
regions.
Some studies have attempted to address the regional variations of endplate mechanics
using indentation techniques.[88,89,278–280] These studies have utilised a standard method
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of ‘cleaning’ the endplate through the removal of disc and cartilage using a scalpel,[281]
suggesting their focus on the BEP, though this was not always explicitly stated. Following
soft tissue removal the surface of the endplates are then indented following a uniform
grid system which allows for comparison of regional mechanics. Using this method Ash
et al., showed that failure forces correlated with the thickness of the BEP[280] and Bai-
ley et al., showed that the anterior endplate was stronger than the posterior (strength
dictated by the failure load).[278] These methods require exposure of the BEP possibly
causing damage to the BEP surface, as well as removing the possibility of relating its
mechanics to the surrounding structures.
Very little work has been produced on the mechanics of the non-MC of the endplate.
Fields et al., stamped dog-bone shaped sections of cadaver non-MC and subjected them
to tensile loading.[282] They showed an average tensile modulus of 5.8± 5.7 MPa and that
the tensile modulus was associated with the collagen/GAG ratio. Although their study
sheds light on the mechanics of the non-MC which is under represented in the literature,
its methods are still highly destructive, lacking physiological relevance and still cannot
answer questions of the tissues mechanical association with the disc and MC.
A recurring issue in the research on the endplate is the inability to investigate local mi-
cromechanics with regards to the surrounding tissues. The whole segment approach
utilised by Hulme et al., does keep the tissues intact, however, the CT they employed
cannot detect soft tissues, and had a limiting resolution of 82 µm.[277] A method that
can measure the micromechanics of the endplate in relation to the disc and bone is re-
quired.
Within the department of Bio-medical Physics, Exeter, a number of studies have utilised
real-time imaging of biological materials with the multiphoton microscope set up. In-
vestigations into lamella disc strain[51,283] and articular cartilage[284] have shed light on
the micromechanics of these regions using custom rigs. The ability of the multiphoton
system to image mineralised and non-mineralised tissues with minimal sample pro-
cessing means that cross-sections of tissue containing disc, non-MC, MC and bone can
be utilised. This not only allows for investigation of the specific regions of the endplate,
but also how they interact with the neighbouring tissues. The aim of this study was to
develop a method of real-time imaging of the endplate under axial loading.
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6.2 Methods
6.2.1 Loading Rig
Two rigs for applying mechanical loads to tissue samples under the multiphoton mi-
croscope were available for adaptation. A rig with automated displacement control had
been designed for investigating the mechanics of the annulus of the disc,[51,283] and an-
other had been designed for articular cartilage compression testing.
The automated rig, shown in Fig. 6.1 A, is driven by a motor that moves both sides of the
rig simultaneously, loading symmetrically by displacement control, which maintains a
central focal point position. This rig can be programmed to follow a loading protocol
of static or cyclic compression or tension. The limitation of this rig becomes apparent
when the region of interest (ROI) of a sample is not central. As Fig. 6.2 illustrates, sym-
metrical loading will shift a non-central ROI out of the focal point as the load is progres-
sively applied. Due to the endplates being situated either side of a central disc, imaging
them under load within this rig would be very difficult. Additionally, the positioning
of the rig within the microscope set-up physically limits the movement of the objective
(the rig machinery blocks its path), restricting the ability to correct for the movement of
the ROI through the adjustment of the focal point. Therefore this rig is not feasible for
use in investigating the endplate mechanics at this stage.
Figure 6.1: Schematics of the two rigs created for use within the multiphoton system. A) An au-
tomated rig designed for intervertebral disc mechanics. B) Manual compression rig designed to
compress strips of cartilage.
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Figure 6.2: Schematics illustrating the symmetrical loading of a sample, with an off centre region
of interest (red X). Note how as the sample is stretched, the ROI moves out of the focal point (de-
noted with dotted green line).
The manual compression rig, shown in Fig. 6.1 B was originally designed for the com-
pression of thin articular cartilage strips. One end of the sample is positioned against a
load cell which is fixed to the device. The opposing side of the rig holds a micrometer
which guides a plate in order to apply compression the the sample (Fig. 6.3). This rig is
primarily designed for static loading due to the manual use of the micrometer to apply
a displacement. An advantage of this system is that it has an inbuilt cover slip, meaning
that the rig can be utilised with an immersion objective. The device is limited in that it
requires thin samples. The PVC spacers (see Fig. 6.3) which hold the sample in place
allow for samples up to 1.5 mm thick which means that the samples have to be sliced
and ground before they can fit in the rig. Despite this, the manual rig offered the best
chance of real-time imaging the micromechanics of the cartilage endplate. Therefore
this rig was employed in this study.
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Figure 6.3: Labelled schematic of the manual compression rig. Not drawn to scale
6.2.2 Sample Preparation
Bovine tail samples were were prepared by standard preparation procedures described
in chapter 3.3.3. However, samples were thinned until they were < 1.5 mm and then cut
using a scalpel into rectangles from the annular region, roughly 15 mm by 5 mm in size.
Samples were then matched to spacers of the same height, (spacers differed in thickness
by 0.2 mm and ranged from 0.1 to 1.5 mm) and were then loaded into the rig with the
spacers as shown in Fig. 6.4. The samples were loaded so that the applied load would
mimic physiological axial compression. The cover slip was attached to the ‘top plate’
using vacuum grease to create a seal so the immersion medium was kept beneath the
objective.
Figure 6.4: Schematic representation of the sample preparation and the sample loaded in the rig.
Not to scale.
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6.2.3 Loading Protocol
Once the sample was set-up in the rig, the sample pusher was positioned so that there
was no space between the sample pusher, and sample, without applying compression.
The rig was then transferred to the multiphoton stage. A series of images from the edge
of the disc to the bone were then taken whilst unloaded (purple * in Fig. 6.5). This was
used to give an initial estimate of the compressible area which would was used as the
‘original length’ and so an estimate of the applied strain could be calculated (change in
length/original length = strain). The micrometer was then adjusted until a force was
registered by the load cell. An initial relaxation period of ∼ 30 mins was given between
the application of the load and the image being taken to reduce creep during imaging. At
each step, a displacement of 15 µm was applied,which equated to a ∼ 2 % strain. As Fig.
6.5 shows, after a period of relaxation (∼ 20 to 30 mins) an image map was taken from
the disc to the bone, and then the process repeated with the next applied displacement
of 15 µm. This was continued until the sample was no longer visible within the focal
plane of the objective. This was a result of sample moving, bulging or dehydrating.
Figure 6.5: Schematic representation of the loading protocol.
6.2.4 Data Analysis
In order to build the maps acquired at each applied displacement, SHG images were
separated from the TPF and built into a continuous map in GNU Image Manipula-
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tion Program (GIMP, 2.8.18). After a map was constructed for each load, they were as-
sembled into a stack and aligned using the FIJI version of ImageJ®(Fiji is just ImageJ
http://fiji.sc/) plugin for linear alignment (translation only) with the ‘scale invariant fea-
tures’ transform.[285]
Tissue Tracking Software
‘Yet Another Tissue Tracking Software’ (YATTS), was utilised to obtain a displacement
map from each stack (one stack per experiment) and calculate microscopic strains. YATTS
is a custom software written in Matlab 2014b (The MathWorks, Inc., Natick MA) by Dr.
Claudio Vergari for the purpose of calculating microscopic strains in annular bundles.[283]
On the first image of a stack, a grid was drawn to divide the image into square elements
which were automatically tracked in the following images by digital image correlation.
The tracking of elements can be checked for reliability using the reliability map. The
reliability of the tracking can be affected by the size of the elements as well as the image
contrast and smoothing applied. To increase the likelihood of reliable tracking, the im-
ages were enhanced through histogram equalization and displacement smoothing was
applied to the tracking. Additionally, care must be taken over the area covered by the
grid as large holes such as trabeculae will not track well. The elements should ideally be
as small as possible while still allowing for reliable correlation.
Using the structural information of the SHG image the elements were assigned to re-
gions of: BEP (15 elements), MC (12 elements), non-MC (5 elements) and disc (7 ele-
ments). At the boundaries between tissues, some elements contained more than one
tissue type. In these instances, the element was assigned to the predominant tissue
group. This helped in distinguishing the disc and non-MC as it was easier to identify
a predominant tissue than the exact boundary between the two. Elements within a re-
gion were averaged and their standard deviations calculated for analysis.
Macro Analysis
As YATTS has never been used in a combination tissue (i.e. bone and cartilage) macro
measurements of the changes in lengths measured from the start, to end of a region
as shown by the green and blue lines in Fig. 6.6. In FIJI, images were scaled and the
length of the compressible region (disc and non-MC), and the MC was measured at each
applied load. There was high variability in the measurements taken from the disc region.
As Fig. 6.6 A shows, when the disc is uncompressed, both the edge of the disc and the
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tidemark are uneven, giving variability in the compressible length. Additionally, when
compressed (B), the change in length is not proportional due to the loss of the uneven
disc edge. This results in a high standard deviation of the macro strain measures.
The non-MC was not measured separately from the disc, as the boundary line between
the two was difficult to distinguish as mentioned above. The total applied strain was
calculated by measuring the length of the unloaded compressible region (disc and non-
MC) and the applied displacement. The strain of disc and MC was calculated from
change in length, divided by the original length of each region respectively.
Figure 6.6: Schematic representation of the loading protocol.
Directionality
To parametise the change in organisation of the collagen fibres, a region of interest only
containing the compressible region (disc and non-MC) was created and the directional-
ity plugin in FIJI was applied as described in chapter 4.6.2.
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Utilising the rig shown in Fig. 6.3, samples (n = 8) were loaded following the aforemen-
tioned protocol. Due to the issues that arose, which will be discussed later in the chapter,
only one sample provided a usable image stack and therefore the results discussed will
be a case study of this sample. The issues will be discussed and the reasons they arose.
A 60 x 60 pixel grid was formed on the initial image of the stack shown in Fig. 6.7. This
gave an uncertainty of 2.5 %, however, increasing the element size did not decrease
the uncertainty of the tracking. The strain was calculated for each individual element,
recorded and presented in a colour map as shown in Fig. 6.7. Fig 6.7 shows maps gen-
erated by YATTS for strain in the direction of loading (axial compression), and Fig 6.8
displays the average strain for each of the tissue types with the corresponding force de-
tected by the load cell.
Figure 6.7: Micromechanics of the bovine endplate under the annulus. 1-5) Colour maps of strain
in the direction of loading (indicated by black arrows) as produced by YATTS. White scale bar on
images = 200 µm. Colour scale on right hand side.
The positive strain at the first applied load of 3.586 N is surprising, and does not fit the
pattern of the rest of the results. It is clear that the disc is very compressible and takes
the majority of the initial strain, however, the non-MC also begins to compress, though
not to the same extent as the disc. The MC shows some compression in the loads above
8 N, and shows an average strain of -3.8 % at the last applied load of 18.8 N, however, it
also displays high standard deviation. The BEP varies very little in strain (-1.69 to +0.80
%) throughout the experiment.
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Figure 6.8: Graph displays the average strain in the direction of loading (axial) for the BEP, MC,
non-MC and the disc. Force was obtained from the load cell.
Macroscopic measurements of the change in length of the disc and MC were utilised
to calculate the regional strains. These macroscopic calculated strains are compared
to the average microscopic strains calculated in YATTS in Fig. 6.9 A. However, as men-
tioned previously and shown in Fig. 6.9 B, the macroscopic measurements gave high
standard deviations due to tissue heterogeneity. The strain applied has a relatively lin-
ear relationship with the load detected at the load cell (N). Unlike the applied strain,
the macroscopic calculation of the disc and MC strain do not show a linear relationship
with the load, neither do they reflect the patterns of strain seen in their corresponding
average microscopic strain from YATTS. The microscopic strain in the disc is shown to
be much higher when measured microscopically, with the opposite being true of the
MC. The standard deviation is shown to be much higher in the macroscopic measure-
ments of the MC compared to YATTS, however, these are large compared to the strain
magnitudes.
158 CHAPTER 6. MICRO-MECHANICS OF THE CARTILAGE ENDPLATE
6.3. Results
Figure 6.9: A) Relationship between the force (N) and the macroscopic calculated strain (solid
lines) and the YATTS calculated strain (dashed lines). The applied strain (black line) was calcu-
lated from the unloaded length (disc and cartilage) and the applied displacement. B) Table of the
standard deviations of the regional averages and standard deviations.
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Figure 6.10: Stress strain curve of the applied strain. The third data point indicates the transition
from the toe to linear region. Note that the sample was not loaded to failure.
Elastic modulus was estimated to average at 0.22 ± 0.06 MPa, however, Fig. 6.10 shows
that with an increase in strain, the standard deviation in stress increases. The initial
three points suggest a toe region, and show an increase in stress of 0.09 MPa. The next
points suggest the start of a linear region, though as the sample was not loaded to failure,
this cannot be said for certain. However, the change in stress from the mid to last point
is 0.20 MPa, more than double the change in the first three points.
6.3.1 Fibre Angle
Images were analysed for the directionality of the disc fibres. Fig. 6.11 shows a trend that
suggests with an increase in load, the fibres become more organised and decrease their
angle relative to the endplate. The highest load (royal blue, 18.8 N), shows the highest
and narrowest peak, suggesting that at this load the fibres are highly ordered and have a
peak angle of 122 °, compared to unloaded (black line) which shows a broad peak with a
peak angle of ∼ 140 °. Acute fibre bending at the tidemark was observed in the images,
and indicates regions of high stress concentrations at the site of insertion (see circled
region in Fig. 6.12). As seen in Fig. 6.11 and noted from the YATTS data, load 1 (light
grey, 3.6 N) is the outlier to the observed trend.
160 CHAPTER 6. MICRO-MECHANICS OF THE CARTILAGE ENDPLATE
6.3. Results
Figure 6.11: Normalised Fourier components of the directionality of fibres in the disc region of the
sample. Taken from no load (initial), to the fifth applied displacement.
Figure 6.12: Illustration of the decrease in angle (θ) of the fibre bundles relative to the endplate
as they are progressively compressed. Note the bending of the fibres occurs above the tidemark.
Circled area indicates region of high stress.
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6.3.2 Technical issues
The aim of this study was to image the effects axially loading the disc has on the end-
plate as demonstrated by Fig. 6.13 A and B. The expectation was that the samples would
compress the non-MC and disc, whilst the MC, BEP and bone remained uncompressed.
However, a number of issues arose during testing. These are represented schematically
in Fig. 6.13 C-E.
A, demonstrates the unloaded samples and B, shows the applied displacement com-
pressing the disc and cartilage as was shown in Fig. 6.7 when the sample loads correctly.
C, shows the disc curling in on itself and bulging. This was caused by the disc fibres
getting caught under the spacer, and then pushed underneath as the force was progres-
sively applied. This issue still produced images, but did affect the measurements taken.
D, is an exaggeration of the issue of C. The cover-slip and top plate prevented some rais-
ing of the sample, however, in one case the cover-slip was cracked by the pressure of the
sample pressing up against it.
Lastly, as shown in Fig. 6.13 E, high loads generated movement orthogonally. This issue
occurred for samples which did not have flat loading surfaces. This happened frequently
as even when cutting the bone with a scalpel or razor blade, an uneven surface was often
produced due to the bone fragmenting.
These issues not only affected the force detected by the load cell, but also image acquisi-
tion. This study protocol relies on the same region being imaged at each step, however,
when the sample bulged or shifted, the focal point changed too. This led to some sam-
ple losing focus completely, whilst others shifted so a different region of the sample was
imaged. This made the tracking of elements not possible.
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Figure 6.13: Illustration of sample loading issues. A-C) Sagittal views of sample loaded in the
compression rig. A) Sample uncompressed. B) Sample compressing correctly, green arrow indicates
axial compression. C) Disc section of the sample curls in on itself, causing a bulge indicated by
the red arrow. D) Sample hinges at the soft/hard tissue junction, indicated by the red arrow. E)
Transverse view of sample in the rig, showing orthogonal shifting of the sample as it is compressed.
Red arrows indicate the unwanted movement.
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6.4.1 Compression of the Endplate
This chapter has explored imaging of the micromechanics of the cartilage endplate un-
der compression with the multiphoton microscope. Difficulties were encountered in
measuring strain at small stress and this may in part be due to the difficulty in deter-
mining the initial point of contact between the push plate and the sample.
Elastic modulus for the whole sample was shown to be 0.22± 0.6 MPa on average, which
when compared to whole disc measurements from the literature is very low (between
1.4 and 2.2 MPa[286]), however, when compared with studies which also sectioned the
disc, the modulus was much more comparable, though still lower (between 0.4 - 0.6
MPa[287,288]). It should be noted that this study focused on the annular region for the
sake of uniformity, however, the mechanics of the region under the nucleus would be
notably different due to the differences in structure between the nucleus and annulus.[85]
The stress-strain curve in Fig. 6.10 showed a ‘toe region’ which could be attributed to
the straightening of the collagen fibres as they bend at the tidemark.[289] It is unlikely
that these fibres would fully straighten at ∼ 10 % applied strain, as a previous study has
shown crimp still visible in the annulus at strains of 28 %.[283] Alternatively, the toe re-
gion could relate to the realignment of the fibre bundles at the inter-lamella interface[51]
which would explain the sharp re-ordering of fibres within the the first three applied
loads, which occur at relatively low strain (Fig. 6.11). Following the toe region, the
the non-MC and MC show increases in strain in the direction of the load (Fig. 6.8).
This suggests that the modulus in the linear region is dependent upon the combina-
tion of the disc and both cartilage components of the endplate. Previous research has
shown instantaneous displacement of the endplate during axial compression, however,
compared to this study, the loads have been higher (up to 1600 N) and applied more
rapidly.[80,290] This work additionally disagrees with the suggestion that at low loads the
role of the endplate is limited, and that the compliance of the functional spinal unit is
primarily through the bulging of the IVD. This work has shown that even at low loads in
comparison to physiological loads (peak force∼ 18 N verses∼ 200 N at rest[291]), the car-
tilagenous components of the endplate still showed strain in the direction of the load. It
is important to note that in vivo, the annulus fibres would also be required to resist the
bulging of the nucleus outwards during compression,[292] and therefore loading would
be more complex than illustrated here. Additionally, care should be taken in directly
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relating this or to many mechanical studies on the disc, as this study includes a combi-
nation of tissue, not just disc material.[287,288]
Previous discussions of the mechanical properties of the endplate have not differenti-
ated between the MC from the ‘mineralised endplate’ (a grouping term for BEP and MC
of the endplate) or the cartilage endplate (a grouping term for the non and MC). Addi-
tionally, in this study the calculation of the applied strain (Fig. 6.11) utilised the com-
pressible region which was classed as the disc and non-MC, the MC along with the BEP
were not included due to their high stiffness. This was based on previous work which
has shown high Young modulus in similar tissues (subchondral bone: 5.7 ± 1.9 GPa and
calcified cartilage: 0.32 ± 0.25 GPa), as no Young’s modulus of the endplate regions are
currently available in the literature. This study has shown a small amount of local strain
in the MC region. The MC strain reached a maximum of ∼ - 8 %, however the average
was much lower and the standard deviation is larger than the strain magnitude (- 3.8 ±
4.1 %). This highlights the issues of sample hetrogeneity when assesing the microme-
chanics of the endpalte. Even within the same sample, variation is high. Due to this, the
role of the MC in the endplate requires further investigation, and the method described
in this study offers exciting potential. Gupta et al., was able to plot indentation modu-
lus as a function of local calcium weight percentage of articular cartilage at transitions
between the cartilage and zone of calcified cartilage, and zone of calcified cartilage and
bone.[293] They showed a clear relationship between the mineral content, and indenta-
tion modulus, which also clearly distinguished the MC and bone.[293] Taking this idea,
combining the spectroscopy techniques from chapter 4 and the loading protocol de-
scribed in the above study could shed light on the variability and role of the MC within
the endplate mechanics.
One of the striking observations was the realignment of the collagen fibres of the disc
illustrated in Fig. 6.11. The bending at the site of insertion indicates a potential for high
stress concentrations at the tidemark, though the purely compressive load applied was
not representative of the complexity of physiological loading. Rodrigues suggested a
similar region of high stress due to laterally directed forces as a result of disc bulging,
though it was suggested that the stress was attenuated by the supporting matrix as il-
lustrated in Fig. 6.14.[34] In the current study, the disc fibre bundles were not able to be
resolved within the MC matrix, therefore the suggestion of attenuated stress could not
be measured. As shown in chapter 4, anchored fibre bundles have been resolved with
the multiphoton at higher magnifications, thus, future work could focus on the disc and
non-MC boundary to further understand the strain relationship.
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Figure 6.14: Illustration of A) the disc fibre bundles, circled area indicates region of high stress and
B) Attenuation of the high stress by the supporting matrix of the non-MC, suggested by Rodrigues
2015.[34]
6.4.2 Critique of Experimental Methods
An advantage of real-time imaging the compression of the endplate, as previously dis-
cussed, is the ability to visualise the disc, non-MC, MC and BEP simultaneously while
load is applied. Similar real-time imaging of tensile loading has been carried out in the
annulus to detect inter-lamella bundle strain[51,283] however, this appears to be the first
study that has applied such a techniques across cartilage and bone. The endplate is
complicated to analyse as it combines soft and hard tissues.
The benefit of utilising a tracking software such as YATTS is the reduction of human er-
ror. As Fig. 6.9 B showed at 18.8 N, the MC had a standard deviation that was 154% of
the average strain calculated. Such high deviations are due to a combination of tissue
heterogeneity, and the change in shape of the disc as it is compressed (as illustrated in
Fig. 6.6). The standard deviation of the YATTS strain was much lower compared to the
macroscopic measurements. It was still high in places though this was most likely due
to the initial uncertainty of 2.5 %. It has been suggested that an uncertainty of below
0.5 % is optimum for correct tracking,[283] however, the quality of the image did not al-
low for such precision. This raises a disadvantage of the YATTS software, the images
have to be of consistently high quality in order to correctly track as it relies on the native
tissue structure rather than applied markers.[277,283] This can be difficult with combina-
tion tissues, as it can be difficult to focus across a boundary, especially when aiming to
maintain the focal point for mapping.
As shown with the technical issues illustrated in Fig 6.13, the combination of soft and
hard tissues poses issues to the loading technique, as well as the strain measurements.
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Essentially in B-D the sample hinges at the tidemark. Adaptations to the methods need
to address movement out of the imaging plane.
For future work the suggested adaptations are as follows.
• Shorter Samples
If the sample is thought of as two beans connected at a hinge (the tidemark), in
order to maintain the compressive force applied during the loading protocol, but
reduce the possibility of bending the sample at the tidemark, the distance between
the applied force the and hinge should be reduced (Fig. 6.15. This should allow a
greater force to be applied before the sample bends.
Figure 6.15: Illustration of A) Original sample length used in this study. Circle indicates the ‘hinge’
at the tidemark. B) Reduced sample length. Not both sides of the sample have been reduced, as
either side could produce a moment.
• Thicker and Wider Samples
If the sample is thought of as a fixed beam, sample thickening and widening could
be useful.[294] In order to reduce central deflection (ω0) without altering the load,
the second moment of area (I ) needs to be increased. I is dependent upon the
thickness cubed (a3) and width (b), therefore increasing sample thickness and
width could help reduce bending. Due to the design of the rig, during this study
the sample could not be thicker than 2mm, however, if the thickness of the sample
pusher was increased, and spacers created to lift the top plate (so not to compress
the sample with the cover slip), it would be possible to increase the sample thick-
ness, which could reduce bending at the tidemark. Additionally, the sample width
can be increased up to the width of the push-plate connected to the micrometer
(4 cm). The width of the sample was kept small in this study to ensure sole focus
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on the annulus. Using full width cross-sections would allow for greater sample
width, however, the annular and nuclear regions will have different mechanics,
and combination samples could complicate the results.
• Thicker Cover-slip
Utilising a thicker cover slip would reduce the potential of the glass to be broken by
the pressure of the sample against the glass as happened in one of the experiments
in this study. However, the cover slip should not be applying a compression to the
sample.
6.5 Conclusion
This chapter explored imaging of the micro-mechanics of the cartilage endplate under
compression with the multiphoton microscope. The main findings are summarised in
Fig. 6.16.
The method utilised in this study offers novel insight into the micromechanics of the
distinct regions of the endplate under axial loading. The study showed a very low elastic
modulus though this was most likely due to the sectioned disc, and low applied loads.
It is clear that the disc acts initially, with high strain likely being due to the realignment
of the fibre bundles. Conversely to what previous research has suggested, the cartilage
components of the endplate were shown to strain even at low applied force. It is sug-
gested that the cartilage endplate matrix plays a role in the attenuation of stress at the
anchoring of the annular fibres. This method could now be applied to understand re-
gional differences in micromechanics under the nucleus and annulus, as well as how
this changes with degeneration.
The use of YATTS software in order to track the movement of regional elements appeared
advantageous over macroscopic measurements of strain due to the complexity of the
disc under compression. It offers a viable method for regional investigation into the
micromechanics of the vertebral endplate, however, increased image quality is required.
Some adaptations to the methods have been discussed, with these, this study offers a
method of gaining invaluable regional information on the role of the endplate in axial
loading of the disc.
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Figure 6.16: Schematic representing the main findings from chapter six.
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The preceding three chapters described experimental studies which aimed to investi-
gate the vertebral endplate in terms of its structure and function, in relation to the inter-
vertebral disc. In each of the chapters, the methods utilised and results obtained were
presented, along with a discussion of those results.
Although each chapter focused on a specific aspect of the structure and function of the
endplate, these aspects will influence one another. This will be explored now.
The findings on the changes in the BEP with aging (reduction of osteons and increase in
trabeculae) will effect the nutritional routs of the endplate due to changes in vasculature.
Previous work has talked about the reduction of blood vessels with aging,[258] and tra-
becularisation of the BEP is a viable explanation for this. The decrease in the number of
osteons and change in structure of the BEP may also influence the distance between ves-
sel ends and anchored disc fibres. Due to the low diffusivity of small molecules through
the endplate, any increase in the distance between the vessel and disc has a negative
effect of the nutrient density of the nucleus.[110]
Similarly the structure will have an effect on the mechanics, both in terms of the an-
choring of the disc- whether remodelling of the bone will effect the integration of the
disc with osteon fibrils- as well as with the redistribution of forces applied to the disc.
Chapter six of this thesis proposed a method for investigating the mechanics and inter-
actions of the three regions of the endplate, it showed that even at low loads the CEP
played a role. The role of the CEP in the disc mechanics will be influenced by the colla-
gen fibre orientation (as discussed in 4.8.4 but also the elastin content 4.8.4 and align-
ment as the coexistence of these fibre networks influence the mechanical properties of
a tissue.[231]
Additionally, the mechanics of the endplate is thought to have an effect on nutrient
transport, especially that of large molecules. As shown in chapter 5, large molecules
such as albumin have a very low diffusion rate compared with small molecules. It is sug-
gested that the daily loading and unloading of the disc and endplate could contribute to
the diffusion of molecules, aiding their movement.[272]
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At various points throughout the thesis, necessity for future work has been indicated.
In this thesis the majority of the work has been carried out within animal models, and
therefore continuing this work in human samples, and relating to clinical conditions is
paramount. Clinically, the endplates are poorly understood in regards to pathologies.
Modic changes are often described in clinical literature as endplate changes,[75,132,134]
however, these can effect as much as 75 % of the vertebral body, suggesting these are
not endplate specific issues. Additionally as Fig. 7.1 illustrates, even under optimum
conditions (high resolution, small scan area and long scan duration) the detail of the
endplate is hard to distinguish in MRI scans.
Figure 7.1: MRI of bovine tail using a 23 mm Microscopy coil in 1.5-T unit (Philips). Thickness 0.3
mm/spacing 0.05 mm. Scan duration 6 h 45 mins
This thesis had originally aimed to investigate the relationships between the results from
the animal studies and clinical measures in patients with symptomatic degenerative
disc disease. However, due to issues with ethics and material transfer agreements the
first samples were only collected in the last month of the project. The aim had been to
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Figure 7.2: Human Samples A) Samples taken from sites of inter-body cage screws. B) samples
should result in a core containing disc, endplate and bone. C) Received samples only contained
blood clotted bone.
utilise samples removed with a trephine from the sites where inter-body cages would
be attached to the bone (Fig. 7.2 A). The resulting sample would contain disc, endplate
and bone (Fig. 7.2 B), allowing for cross-sectional investigation as was utilised repeat-
edly thought this thesis. However, the first samples collected only contained severely
blood-clotted bone.
Though useless for the intended analysis, these samples highlight the disparity between
clinical practice and experimental literature. Surgeons routinely remove the endplate
cartilage along with the disc during fusion surgeries to instigate blood supply,[295] how-
ever, literature reports that stability of implants is improved through the retention of
endplates.[200,295] This highlights the necessity for further work on the mechanics and
blood supply of the endplate. Additionally, much work is being produced in relation
to regenerative therapies and biological implants.[17–19] Answering the questions raised
in this study in regards to the vasculature and regional mechanics would increase long
term viability of such implants.
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7.2 Conclusion
The vertebral endplate has been previously underappreciated in its role within the func-
tional spinal unit. In relation to the aims of thesis research, this thesis has established a
structural understanding of the endplate, that it is formed of three distinct tissues which
are intimately linked with the intervertebral disc through collagen fibre integration. It
has shed light on the complexities of the endplate vasculature, as well as displaying the
vital role the endplate plays in the supply of water and solutes, and removal of waste.
Lastly this thesis has presented a viable method for investigating mechanical relation-
ship between the bone, endplate and disc, as well as showing that the endplate attenu-
ates stress of the disc as it bends at the tidemark when axially loaded.
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So it is with you. Unless you speak intelligible words with your
tongue, how will anyone know what you are saying?
You will just be speaking into the air.
1 Corinthians 14:9
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